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ABSTRACT. The general aging sequence in tissues of healthy human beings is proposed to be: capillary
endothelial cell damage 3 arteriosclerosis 3 decreased blood flow 3 metabolic dysregulation 3 secondary
tissue damage. Molecular O2 is an obligatory substrate for the successive syntheses of 17a-OH pregnenolone and
dehydroepiandrosterone (DHEA) by cytochrome P450c17 in the zona reticularis of the adrenal cortex, in which
it is suggested that arteriosclerosis3 decreased blood flow3 O2 and glucose deficit3 decreased O2-requiring
synthesis of DHEA 3 eventual decrease in number of DHEA-synthesizing cells. Aging changes in the zona
reticularis synergize with those in the hypothalamo-hypophyseal machinery that controls it neurally and
hormonally, with ACTH-evoked pulsatile floods of cortisol coming from the adrenal zona fasciculata, with the
onslaught of free radicals generated by the metabolism of catecholamines released from interdigitating cells of
the adrenal medulla, and with age-correlated disabilities of erythrocytes to bind and release O2 to decrease the
viability of the DHEA and dehydroepiandrosterone sulfate (DHEAS)-forming cells. One of the chief functions
of serum DHEAS in the male may be to act as an allosteric facilitator of the binding of testosterone (T) to serum
albumin, thereby helping target T to specific receptors and to allosteric sites for rapid and efficient action at the
cellular level. There is reason to consider combining O2 therapy with appropriate administration of DHEA and
T to optimize steroid functionality in the healthy aging male, and thus, possibly, to alleviate some of the
age-related cognitive and physical decrements that occur. BIOCHEM PHARMACOL 57;4:329–346, 1999. © 1999
Elsevier Science Inc.
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BEYOND MEASUREMENT: THE PATTERN IS
THE THING

Many years ago, a newly trained pediatrician whom I knew
became utterly distressed upon failing to diagnose his own
child’s illness, which was characterized by a sore throat, a
high fever, and general malaise. Upon seeing the child, his
mother, whose medical education consisted of raising six
children, laughed and said immediately, “Well, of course,
the child has measles.” The next morning her diagnosis was
confirmed when the telltale rash appeared. We have
internalized models, often difficult or even impossible to
express verbally, to which we constantly are matching
environmental patterns that arise from our sensory percep-
tions.

As in everyday life, so in science, ultimately we search for
patterns. We are pattern-seeking and pattern-recognizing
creatures. What begins as single-minded attention to one or
a small number of variables often leads to questions of how
the results might relate to the whole living unit, whether it
be cell, tissue, organism, or society. Under primitive cir-

cumstances, the survival of individuals and species may
have depended upon the recognition of similarities of
patterns and on the discernment of small differences among
similar patterns. We know intuitively what pattern recog-
nition is and recognize it by the relief of anxiety or joy
when we, personally, experience its occurrence. We also
can recognize superior pattern-recognizing abilities in oth-
ers, whatever the nature of their activities.

All living systems are pattern-recognizing or -generaliz-
ing entities, from single cells to complex human organiza-
tions. When a living system, unicellular or international, is
presented with a new informational pattern in its environ-
ment (external and/or internal), it is activated in a unique
fashion. The types of impinging influences and their se-
quences, intensities, and rates of change result in an
activation pattern that is likely to be different, at least to
some extent, from any experienced previously. Even in
apparently well-controlled experiments in which single
variables are manipulated, it is the resulting change in the
pattern of the whole environment in space-time that is the
stimulus (stress, pressure, forcing function) for the system.

When healthy living systems are stimulated effectively,
processes are released to operate at rates and for durations* Correspondence. Tel. (626) 301-8476; FAX (626) 357-1929.
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that enable them to react adaptively in a manner compat-
ible with their individual behavioral repertoires. Cascades
of processes are generated by actions of environmental
factors that reduce transmembrane potential and/or inter-
act with specific membrane receptors. Cascades of other
processes are released by expression of genetic potential.
When environmental pressures are increased, the number
of such countercurrent cascades and their rates and extents
are increased in such a manner that the probability of their
meshing to give system-typical adaptive patterns tends to
remain approximately constant. The remarkable tendency
to maintain relative constancies of structural, composi-
tional, and functional features of fluids, cells, tissues, and
organs under various environmental conditions (homeosta-
sis) is indicative of the existence of biochemical and
biophysical servomechanisms that coordinate a variety of
complex biosynthetic and degradative pathways and that
continuously adjust the rates of flow of substances between
an organism and its environment, between extracellular
and intracellular compartments of tissues, and between
cytosol and organelles and among cytosolic aggregates
(molecular ensembles) of individual cells. When it is
desired to improve suboptimal biological function or to
accelerate repair of damage as a result of disease, injury, or
aging, it is necessary to facilitate adaptive coupling among
relevant functional processes by relieving rate-limiting
constrictions in mutually shaping interactions among intra-
cellular, intercellular, and extracellular components of the
system.

It is difficult to view living systems at all pertinent levels
because, as Picasso said, “There are so many realities that in
trying to encompass them all ends in darkness. That is why,
when one paints a portrait, one must stop somewhere, in a
sort of caricature. Otherwise, there would be nothing left in
the end.” The present impressionistic paper is written in the
spirit of Einstein’s words “Man seeks to form for himself, in
whatever manner suitable to him, a simplified and lucid
image of the world, and so to overcome the world of
experience by trying to replace it to some extent by this
image.”

SHAKESPEARE—AGING AND BLOOD SERUM
LEVELS OF STEROIDS

An organism does not collapse suddenly of old age like the
“one-hoss shay.” It does not go “to pieces all at once, —

All at once, and nothing first, —
Just as bubbles do when they burst.”
(The Deacon’s Masterpiece, by Oliver Wendell
Holmes).

Rather, aging is a progressive concatenation of disease
processes occurring with the passage of time. In the aging
human organism—whether one looks at physiological,
biochemical, behavioral, or pathological aspects—options
ordinarily available to achieve adaptive responses are pre-
cluded by degeneration of the body machinery. Even during

the early normal adult period, degenerative changes are
taking place to some extent, but largely are being compen-
sated for by activities of redundant elements and by
adjustments in feedback and modulator systems. However,
eventually pathological changes become sufficiently exten-
sive and repair mechanisms sufficiently attenuated so that
the social behavior and physiological responses of individ-
uals become maladaptive, and survival becomes dependent
upon the extensive use of artificial, social and medical
support systems until death ensues.

It is difficult to view problems of human aging at all
levels, from molecular-genetic to social. The loci of com-
mand-control within the different levels must be identified
and the nature of their hierarchical nesting elucidated. I
spent several years searching for “threads” from which to
weave some sort of meaningful tapestry into which would
fit many of the still unconnected observations. Eventually,
it was most useful for me to begin to locate my “threads” by
perusing repeatedly descriptions of the clinical progression
of disabilities associated with aging of the human male.
They seemed to read like expansions of Shakespeare’s
concise characterization of what happens to a man from the
sixth of his seven ages on to his final demise (from As you
Like It):

. . . The sixth age shifts
Into the lean and slippered pantaloon,
With spectacles on nose and pouch on side,
His youthful hose well saved, a world too wide
For his shrunk shank; and his big manly voice,
Turning again toward childish treble, pipes
And whistles in his sound. Last scene of all,
That ends this strange eventful history,
Is second childishness, and mere oblivion,
Sans teeth, sans eyes, sans taste, sans everything.

Shakespeare, unparalleled genius of an observer that he
was, had seen clearly that in aging males a loss of muscle
mass and other, now known to be androgen-related, char-
acteristics usually were precedent to obvious mental dete-
rioration and death. A somewhat similar script might have
been written for female aging and estrogen-related charac-
teristics.

For as long as they have been known, androgenic and
estrogenic substances have been administered to human
males and females, respectively, to retard one or another
feature of aging. Problems often arose that precluded
prolonged use of the hormones. Endometrial bleeding,
prostatic hypertrophy, and the possibility of carcinogenesis
were among the several danger signs along the road.
Obviously, cybernetic control mechanisms of the organism
could be overwhelmed by quantitatively and temporally
inappropriate exogenously imposed hormonal thrusts.

It was necessary to look elsewhere than only to the
highly active sex hormones, themselves, for substances that
might help to understand and possibly to attenuate the
progressive incoordinations of bodily systems with age.
Assuming that the oft-observed monotonic decreases in
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serum levels of DHEA† and DHEAS with age in men and
women [1] were somehow importantly and directly related
to age-related functional decrements, so-called biomarkers
of aging, I and many others proceeded to perform studies
related to these substances in human beings, rodents, and
other species, revealing diverse interesting effects (see, for
example, Refs. 2–7). However, the central “mystery” of
DHEA and DHEAS was not penetrated. Observations
about these substances continued to flit frustratingly among
membranes, transmitters, receptors, intracellular signaling
systems, nerve circuits, and genes without yielding the
deepest secrets of their existence, if there are such. Re-
examination was warranted of the age-related decrement of
these substances and their chemical relatives in a broader
context than had been done previously [8], while keeping
in mind the uniqueness among the many species studied of
the remarkably high levels of DHEAS in serum of healthy
young adult humans and other primates and the apparent
non-essentiality for life of adrenally derived serum DHEAS
in adrenalectomized and hypophysectomized animals and
human beings, that can be adequately maintained without
replenishment of serum levels of DHEA and DHEAS from
exogenous sources [2].

SOME RECENT RELEVANT MEASUREMENTS

Measurements of preprandial serum levels of a number of
steroidal substances and peptides made in 56 exceptionally
healthy males ranging in age from 20 to 84 years were
combined with concomitant cognitive and physical tests
that may be affected in aging [8]. The measured steroidal
substances are listed in Table 1. From among the steroids
listed, only those that showed a high negative correlation
with age, r . 20.6, and statistically significant progressive
stepwise age-related decrements in 5 age cohorts, were
selected for further close consideration. With the exception
of PREGS, the steroids meeting this criterion were the
androgen-related substances shown in route C of Fig. 1 (see
Fig. 4-I and 4-II for details). In Table 2, the substances are
listed for the 5 age cohorts in decreasing order of the
nanomolar quantities present in blood. It is seen that
decreases with age in serum levels of DHEA and DHEAS
are not unique for these substances.

The correlations of age with the significantly age-corre-
lated functional variables, in all but one instance, were
higher than those of any of the age-correlated biochemical
variables (Table 3). BT correlated significantly with 7 of 9
cognitive and behavioral measures, and DHEAS, DHEA,
and ADD, which correlated highly with BT, with only 3 of

the 9. Since DHEAS correlated well with BT, but less well
than BT with age and less well overall than BT with the
functional measures, it seems likely that T derived from BT
and/or substances to which it gives rise in tissues play a
more direct role in whatever processes may be rate-limiting
in the functions measured, and that DHEAS relates more
indirectly to these functions than does T.

SERUM DHEAS MAY BE A FACILITATOR OF
THE BINDING OF T TO SERUM ALBUMIN,
THEREBY HELPING TARGET T TO SPECIFIC
RECEPTORS AND TO ALLOSTERIC SITES FOR
RAPID AND EFFICIENT ACTION AT THE
CELLULAR LEVEL

In the human male, the aging changes most easily observed
are those associated with decrements in androgenic func-
tionality. The quintessential endogenous androgenic sub-
stances are T and some of its metabolites and derivatives,
the most obvious functions of which are the maintenance
of secondary male sex characteristics. BT, which represents
T bound to non-globulin serum constituents, is believed to
furnish the best estimate of tissue exposure to androgens. T
that is bound to high affinity T-binding globulin, a major
binding entity, or to other globulins is not readily available
for intracellular transport [10–12].

The current survey [8] identified the BT fraction of the
total serum T, and not DHEA or DHEAS, as the variable
that correlated best with chronological age and with age-
related cognitive and physical deficits (Table 3). The BT

† Abbreviations: DHEA, dehydroepiandrosterone; DHEAS, dehydroepi-
androsterone sulfate; BT, bioavailable testosterone; ADD, androstenedi-
one; PREGS, pregnenolone sulfate; 17a-OH PROG, 17a-OH progester-
one; 17a-OH PREG, 17a-OH pregnenolone; PREG, pregnenolone;
PROG, progesterone; GABA, g-aminobutyric acid; NES, neuroendocrine
servosystem; rCBF, regional cerebral blood flow; 3b-HSD, 3b-hydroxys-
teroid dehydrogenase/D5,4 isomerase; DPG, 2,3-diphosphoglycerate; Hb,
hemoglobin; and T, testosterone.

TABLE 1. Correlations of steroid components with age

Variable*

Age

r P

BT† 20.77 0.0001
DHEAS 20.76 0.0001
DHEA 20.73 0.0001
ADD 20.72 0.0001
Total T 20.62 0.0001
PREGS 20.60 0.0001
Cholesterol 0.52 0.0001
17a-OH PROG 20.48 0.0002
17a-OH PREG 20.44 0.0006
PREG 20.40 0.0022
Cortisol 20.23 0.1144
Estradiol 20.08 0.5774
PROG 0.08 0.5817
Aldosterone 0.06 0.6478

Material in this table was taken from Ref. 8 and reprinted with permission from Proc
Natl Acad Sci USA 94: 7537–7542, 1997. Copyright (1997) National Academy of
Sciences, U.S.A.

* BT, bioavailable testosterone; DHEAS, dehydroepiandrosterone sulfate; DHEA,
dehydroepiandrosterone; ADD, androstenedione; PREGS, pregnenolone sulfate;
17a-OH PROG, 17a-OH progesterone; 17a-OH PREG, 17a-OH pregnenolone;
PREG, pregnenolone; PROG, progesterone. Measurements were made by standard
assay procedures.

† BT was estimated using precipitation of T bound to globulins with 50%
ammonium sulfate after equilibration with [3H]T. The results for the latter were
calculated as follows: % non-globulin bound T (% BT) 5 supernatant (T/total T z

100; BT (ng/mL) 2 total T (ng/mL) z % BT [9].
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FIG. 1. Outline of standard view of steroid metabolism in extracerebral tissues. The biosynthesis of steroid hormones begins with
cholesterol, from which derive sex steroids (e.g. testosterone), glucocorticoids (e.g. cortisol), and mineralocosteroids (e.g. aldosterone).
PREG is believed to be a major precursor for the steroid hormones. It is formed from cholesterol in mitochondria of tissues that produce
steroid hormones. The rate of steroid synthesis is controlled by the delivery of cholesterol from cytoplasmic inclusion droplets to inner
mitochondrial membranes, where steroidogenesis begins by production of PREG from cholesterol by action of cytochrome P450SCC
(side-chain cleavage enzyme). Formation of PREG is regulated by pituitary hormones, such as luteinizing hormone and follicle-
stimulating hormone in ovaries and testes, respectively, and ACTH in adrenals. PREG can go directly to PROG and thence to
aldosterone (route A), or to 17a-OH PREG, which is a precursor for cortisol formation (route B) and for sex steroids (route C). Route
A can contribute to route B and route B to route C, as shown. DHEA, the first product in route C, can modulate the flow through
routes B and C by inhibiting conversion of PREG and 17a-OH PREG. PREGS can be formed from PREG by sulfotransferase activity
and also from cholesterol sulfate by the same enzymatic machinery that produces PREG from cholesterol. PREG may be formed from
PREGS by desulfation in the circulation or after desulfation in tissues into which PREGS is imported. The formation of steroids from
cholesterol and cholesterol sulfate may be controlled separately. Although all cells in the body require for regulation of their function
at least some of the above steroids or metabolites or derivatives thereof, it is highly unlikely that any single tissue, cell type, or body
fluid contains all of the substances, themselves, and/or all of the enzymes required to form them. This is illustrated for the different
layers of the human adrenal cortex in Fig. 4. The blood furnishes the common reservoir of steroids from which their free and bound
forms and derivatives thereof can be withdrawn by tissues or circulating blood cells to meet their needs and to which they can contribute
excesses that are produced. Serum levels of these substances reflect synthesis, secretion, and transport by different cell types in various
regions of the body, which processes are controlled by myriads of chemical and neural signals. Elegant labeling, constant infusion
procedures are employed in the steroid field to answer specific metabolic questions in the intact human organism. Measurements of
serum levels in single blood samples are subject only to guardedly limited molecular-mechanistic interpretation.

332 E. Roberts



fraction consists largely of T bound to albumin. Albumin
has a low affinity for T, but because of its high concentra-
tion in serum, it binds most of the T not bound to the high
affinity T-binding globulin. BT accounts for most of the
serum T that is readily available to tissues. The low affinity
of albumin for T and its high concentration in blood
currently are believed to ensure that the T carried by
albumin is the fraction of serum T that is most rapidly
delivered and released to tissues. Total T fell with age, but
the rate of decrement was less than that of BT (Fig. 2C),
whereas the rate of decrease in BT paralleled almost exactly
that of DHEAS (Fig. 2D), even though the concentrations
of DHEAS were several orders of magnitude higher than
those of BT (Table 2).

To what might be attributed the apparent yoking to each
other of the age-related decline of BT and DHEAS so that
the molar ratios of DHEAS to BT remained closely similar
in all age cohorts (Table 2)? In the youngest cohort (20–29
years), the mean molar concentrations of DHEAS and of
the T contained in the BT fraction were 1.04 3 1025 and

6.6 3 1029 M, respectively. The molar concentration of
albumin, approximately 6.3 3 1024 M, is relatively inde-
pendent of age in very healthy individuals. DHEAS and T
both can bind to albumin, DHEAS with considerably
greater affinity than T because of its anionic nature.
DHEAS can form a mass-action driven complex with
albumin, the quantity of complex decreasing with decreas-
ing DHEAS content. The albumin molecule has great
flexibility and exists in different configurations when bound
to various ligands, there being a mutuality of interaction so
that the configurations of both albumin and ligands in the
complexes may be different from those in the unbound
states [13–18]. I suggest that DHEAS at a 1025 M concen-
tration or less forms a 1:1 complex with albumin that has
greater affinity for T than unbound albumin has for T. A
molecule of T may bind to the DHEAS–albumin complex
to form a ternary 1:1:1 complex, with T and DHEAS
binding to separate sites on the same albumin molecule. I
further posit that this complex, in contrast to the naked
hydrophobic T molecule, has a coat of H-bonded water on

TABLE 2. Stepwise age-related changes of several steroids

Variable

Quantities present in blood (nmol/L)

P*
Age ranges, years (no. of individuals)

20–29 (16) 30–49 (19) 50–59 (12) 60–69 (10) 70–84 (8)

DHEAS 10,400 7,700*† 4,600*† 3,000*† 2,400*† 0.0001
PS 145 127 108*† 64*† 57*† 0.0001
Total T 21.4 20.3 17.0*† 15.1*† 11*† 0.0001
DHEA 11.6 7.8*† 3.2*† 2.3*† 0.2*† 0.0001
ADD 7.2 6.5 5.3*† 4.6*† 3.3*† 0.0001
BT 6.6 5.0*† 3.0*† 1.9*† 1.6*† 0.0001
DHEAS/BT 1,576 1,540 1,533 1,579 1,500

Material in this table was taken from Ref. 8 and reprinted with permission from Proc Natl Acad Sci USA 94: 7537–7542, 1997. Copyright (1997) National Academy of Sciences,
U.S.A.

* P values were determined by ANOVA.
† Significance of difference between individual mean value and the mean value for the 20–29 year group is P , 0.05.

TABLE 3. Correlation coefficients of age and several serum steroids with levels of BT and with significantly age-correlated
cognitive and physical measures (bold type, P < 0.01)*

Variable BT

Cognitive measures†

Physical measures†

Waist/hip
ratio

Balance Grip

RVDLT RAVLT
Animal
naming Folstein

Eyes
closed;

right leg

Eyes
closed; left

leg
Right
hand

Left
hand

Age 20.77 20.71 20.56 20.56 20.37 20.65 20.45 20.56 20.50 20.44
BT — 0.53 0.52 0.45 0.34 0.46 0.45 0.45 0.44 0.33
DHEAS 0.68 0.49 0.47 0.33 0.34 0.39 0.10 0.25 0.31 0.25
DHEA 0.60 0.47 0.41 0.28 0.26 0.39 0.11 0.17 0.37 0.18
ADD 0.68 0.44 0.42 0.24 0.30 0.37 0.13 0.24 0.36 0.34

Material in this table was taken from Ref. 8 and reprinted with permission from Proc Natl Acad Sci USA 94: 7537–7542, 1997. Copyright (1997) National Academy of Sciences,
U.S.A.

* Only those cognitive and physical measures are noted that correlated significantly with age (P , 0.01), and only those biochemical variables are noted that correlated
significantly with age and with at least one of the age-correlated cognitive and physical measures.

† The Rey Visual Design Learning Test (RVDLT) is a test of non-verbal learning and memory. RAVLT 5 Rey Auditory Verbal Learning Test. Animal naming measures
production by the subject of individual animal names. The Folstein Mini-Mental Status Examination is a comprehensive screening test for cognitive dysfunction. The waist/hip
ratio was calculated from direct measurements. Balance, a reflection of vestibular compensation and functionality of the vestibular receptor complex, was measured as time of
retention of balance after requesting the subject to stand on one leg with eyes closed. Handgrip strength was estimated with a Jamar dynamometer.
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its surface that adheres in Velcro-like fashion to hydrated
membrane surfaces, largely via H bonding. Thermal agita-
tion and/or other asymmetric physical forces may cause
rapid rolling movements of the complex over a membrane
surface, either randomly or along specific molecular tracks,
until the movement is retarded upon contact with andro-
gen receptors and/or allosteric binding sites on the mem-
brane. Anchored by H-bond formation, coulombic interac-
tion, and favorable steric factors, the complex and its
binding entities orient in a mutually shaping manner that
results in dissociation of the complex, the DHEAS and
albumin returning to the blood while interactions of T with
androgen receptors or allosteric binding sites take place.
This proposal is compatible with the relationship shown

between DHEAS and BT and can be tested experimentally
with the tools at hand. Even steroids covalently conjugated
to bovine serum albumin can exert their typical membrane
and behavioral effects [19].

If, in addition to binding to specific receptor proteins and
exerting genomic effects, DHEAS and other steroids and
steroid derivatives can bind to a variety of hydrophobic
domains that exist in myriad cellular components, affecting
their configurations and associations with each other and,
thereby, their functional properties, the concentration-
dependent relationships into which steroids may enter and
the functions they may affect would be legion. Although
neither serum albumin [15] nor serum DHEAS [2] is
necessary for human life per se, by binding to life-essential
substances they may facilitate association with specific
molecular sites more rapidly and at lower concentrations
and with greater specificities than such substances could
attain in unbound forms. In this manner, DHEAS (and
presumably many other steroidal substances) and albumin
(and other proteins) could modulate many cybernetic
processes and thus attenuate the occurrence of rate-limiting
dysregulations that may trigger degenerative cell death or
elicit suicidal apoptotic programs. For example, DHEAS is
an allosteric antagonist of the GABAA receptor, but
PROG, hydrocortisone, PREG, aldosterone, and bile acids
are ineffective [20]. Thus, non-genomic effects may be
exerted by the non-covalent association of steroids with
sites on macromolecular entities, affecting their conforma-
tions and, therefore, their functional states.

MAJOR SYSTEMS INVOLVED IN
INFORMATIONAL TRANSACTIONS—THE KEY
ORGANIZING ROLE OF THE NES [21]

An awake organism continually scans with specialized
receptors its multisensory environment, internally and ex-
ternally, for physical and chemical changes (Fig. 3). At any
particular time, the changing pattern in the perceived
environment is the stimulus for the organism. A novel
effective stimulus pattern activates receptors in a unique
fashion, i.e., the types and numbers of receptors activated
and their sequences and intensities of activation result in
receptor and neural activation patterns different from any
experienced previously by the organism. Release occurs of
neural circuits, which may be considered to consist of
cascades of serially aligned neuronal assemblies in which
coded patterns of information entering from sensory trans-
ducers are progressively refined by the reduction of redun-
dancy and the selection of particular features. The trans-
formations of coded patterns in different neural sectors are
achieved to a considerable extent by negative feedback
loops that exist between and within the sectors, and their
temporal and spatial integration is achieved by activity of
neural command centers, such as cerebellar cortex, hip-
pocampus, basal ganglia, reticular nucleus of the thalamus,
and association cortex. The “hard-wired” neuronal ele-

FIG. 2. Stepwise age-related changes. The curves were obtained
by plotting the median age of a particular cohort versus the mean
value for the variable in the cohort/the mean value for the
20–29 year cohort. Key: (†) P < 0.01.
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ments of the through-put and command neuronal circuits,
the blueprints for the construction of whose framework
largely are inherited by the organism, are surrounded by
inhibitory local-circuit neurons, largely GABAergic, many
of whose specific commitments are made during develop-
ment, as well as later in life, and which not only participate
in virtually all phases of information processing but also
may undergo plastic changes that may be involved in
long-term retention of experience. Communication be-
tween neural elements takes place through synaptic and gap
junctions on a millisecond or submillisecond time scale and
through changes in rapidly disseminated local and global
electrical and electromagnetic fields generated by the neu-
ral activity, integrated readouts of all of the above being
made in specialized regions of the brain.

In Fig. 3 is diagrammed the assumption that the envi-
ronment, acting through the receptors on neural circuits in
the CNS, has an effect on the NES, which, in turn, has
important influences on behavior at all times, but particu-
larly importantly at times when new environmental settings
require the organism to develop new ways of adjustment.
The key to the NES system is in the hypothalamus, which
plays a central role in the coordination of physiological
processes within the organism so that a relative constancy
of the steady states (homeostasis) within the organism is

maintained at all times. It has controlling roles in the
release of pituitary hormones that have antidiuretic and
oxytocic effects (posterior pituitary), as well as in the
function of the anterior pituitary, adrenal, and thyroid
glands and the gonads. Incoming signals may cause hypo-
thalamic release of corticotropin-releasing hormone, which
stimulates synthesis and release of ACTH by the anterior
pituitary. ACTH, and its simultaneously released trophic
and modulatory substances are regulators of adrenocortical
steroidogenesis and the subsequent release of cortisol,
DHEA, and DHEAS from the adrenal cortex. The hypo-
thalamus also sends impulses to the adrenal medulla and
pancreas, thus playing a governing role in the secretion of
epinephrine, norepinephrine, and insulin. Motor pathways
from the hypothalamus include fibers that participate in the
regulation of respiration, shivering, piloerection, sweating,
heart rate, vasomotor changes in peripheral organs, gut
motility and secretion, dilation of the pupil, and the
widening of the bronchioles. Other neural projections from
the hypothalamus that connect with the thalamus and
cerebral cortex are involved in maintenance of the alert
state.

There are many inputs to the hypothalamus from both
forebrain structures and the brainstem, and in many neu-
rons of the hypothalamus there is convergence of several

FIG. 3. Model for behavior showing the major systems involved in informational transactions.
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sensory modalities. In addition, some neurons in the hypo-
thalamus are remarkably sensitive to changes in osmotic
pressure, glucose concentration, PO2, PCO2, steroid hor-
mones, or temperature. Imperfection of the blood–brain
barrier in the hypothalamus exposes nerve cells in this
region more readily to humoral influences than those in
most other regions of the CNS. Changes in levels of most
blood constituents may have an effect on some specialized
neurons in the hypothalamus.

Activity in the NES causes neurohumoral changes that
facilitate adaptive activity and plastic change throughout
the CNS and in the organism as a whole. In other words,
through increasing local circulation and through secretion
of hormones and growth factors, it puts the organism in a
condition of optimal readiness to perform previously
learned behaviors smoothly and to learn new adaptive
behaviors rapidly. It has both short- and long-range func-
tions in restoring the state of well-being and ensuring future
adaptive capacity. There is much evidence that suggests
that leading edges of aging dysregulations may take place in
the NES because of unfavorable conditions that arise
[22–25], e.g. decreased blood flow resulting from arterio-
sclerotic changes (see below).

In many instances in which they act, peptides, thyroxine,
steroids, and prostaglandins, as well as probably a host of
other substances, serve to optimize regional activity in the
nervous system and in other tissues in relation to functional
demands, without themselves necessarily being involved in
specific neural information transmittal. It has been sug-
gested by Roger Guillemin that such substances be called
cybernenes (Fig. 3). They exert actions on specific recep-
tors or allosterically on macromolecular entities that influ-
ence efficacies of information transmittal within the ner-
vous system. Their actions and the consequences of their
actions may persist for minutes, hours, or longer. Some
peptide or steroid hormones, for example, may temporarily
“line-label” neural pathways, differentially facilitating be-
havioral options related to consummatory activities such as
eating, drinking, and sex [26]. Specific cybernenes may
exert relatively long-lasting effects on the cellular elements
in the nervous system, possibly setting the gain on the
efficacy of individual synapses, on specific types of synapses,
or on all of the synapses in given regions or specific circuits.
An inappropriate balance between cybernene availability
and distribution with the activities in through-put and
command neural circuits can result in gross nervous system
malfunction and in maladaptive behavior of the organism
as a whole.

Although our ultimate concern in this paper largely is
with some specific aspects of human adrenocortical func-
tion, the roles of the NES system as a whole always must be
kept in mind, even when not mentioned specifically. All
pertinent aspects of NES-adrenal relationships, both neural
and hormonal, cannot be dealt with herein, in detail,
because of their numbers and complexities and the incom-
pleteness of our knowledge about them.

LOUIS SOKOLOFF AND HIS COLLEAGUES OF
THE NATIONAL INSTITUTE OF MENTAL
HEALTH TEAM (1955–1960): THE CEREBRAL
AGING SEQUENCE IS ARTERIOSCLEROSIS 3
DECREASED CEREBRAL BLOOD FLOW 3
METABOLIC DYSREGULATION 3
SECONDARY TISSUE DAMAGE

Does aging begin in a particular tissue, e.g. the brain,
anterior pituitary gland, or adrenal cortex, or in a particular
element shared by all tissues, such as the blood vessels?

The “gold” standard of relevant in vivo human studies is
a largely forgotten, remarkable collaborative, multidisci-
plinary study that was performed by 22 investigators at the
then newly founded National Institute of Mental Health
between 1955 and 1960 [27, 28]. Observations and mea-
surements were made of many factors thought to be possibly
related to overt manifestations of aging in elderly men,
mean age 70 years, “who were functioning effectively in
their communities and were as free of evidence of disease,
including vascular disease, as was possible to obtain in their
age group.” No significant changes were found in these men
in cerebral blood flow (nitrous oxide method) and O2

consumption by comparison with a 21-year-old group of
healthy young men. However, even in these healthy elderly
individuals, there were detectable age-related deficits in
cognitive and perceptual functions and electroencephalo-
graphic activity. In a similar group of “very healthy” men
that exhibited some objective evidence of minimal arterio-
sclerosis, there was a statistically significant decline in
cerebral blood flow of 10–16% and of O2 consumption, as
well. The results suggested the existence of cerebral circu-
latory insufficiency and local metabolic deficit even in the
presence of minimal degrees of arteriosclerosis.

A subsequent study was performed by others employing
the noninvasive 133xenon inhalation technique for mea-
surement of rCBF in a healthy group of 52 men and 51
women ranging in age from 15 to 87 years, who probably
were not screened as extensively as those in the NIMH
group for minimal signs of arteriosclerosis [29]. There were
significant sex-similar and region-similar age-related de-
clines in rCBF in both hemispheres and in the fronto-
temporal and parieto-occipital areas. A pronounced decline
in rCBF (11%) was observed in the latter study even when
comparing the youngest (,30 years) to the next age group
(30 to 39 years).

Results similar to those above have been found in many
subsequent studies using positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI).
As arteriosclerosis progresses, there is a decrement in ability
to energize and maintain functional and restorative pro-
cesses within the brain.

Arteriosclerosis is ubiquitous among elderly individuals.
The sequence originally proposed by Sokoloff and cowork-
ers probably occurs not only in brain but also in most other
tissues, including the adrenal cortex. Early arteriosclerotic
changes occurring in the NES would have far-reaching
consequences throughout the whole organism because of
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the central control role that this region plays. Arterioscle-
rotic changes in extracerebral tissues must interdigitate
with those in the NES in producing whatever final patho-
logical consequences are observed. It is still a mystery as to
why changes in brain activity, wherever they occur, are so
reliably accompanied by changes in blood flow and glucose
utilization but exceed changes in O2 consumption. It is
remarkable that the earliest modern quantitative studies,
cited above [27, 28], were able to identify arteriosclerosis as
being key to disturbances in the “orchestration” of the
brain.

CAPILLARY ENDOTHELIAL CELLS—LIKELY
TARGETS FOR EARLY DAMAGE WITH
INCREASING AGE: GENERAL AGING
SEQUENCE—CAPILLARY ENDOTHELIAL CELL
DAMAGE 3 ARTERIOSCLEROSIS 3
DECREASED BLOOD FLOW 3 METABOLIC
DYSREGULATION 3 SECONDARY TISSUE
DAMAGE

I believe that most pathological changes observed during
aging arise as a consequence of defects that begin in the
microvasculature [30]. The blood vessels of all tissues are
completely lined with endothelial cells. Located at the
front line of defense between a tissue and a potentially
hostile extracellular environment, the vascular endothelial
cell has a heroic role to play. Much like a warrior in combat
before the advent of antibiotics and other benefits of
modern medicine, an injured endothelial cell must be able
to repair itself or be removed from the fray and perish
rapidly. There are many ways that such injuries could occur:
hemodynamic, immunological, chemical, free radical, mi-
crobial, viral, and nutritional.

Local differentiations in structure and function have
been found wherever studied, and biochemically differen-
tiated microdomains can be shown to exist on the surfaces
of individual cells of capillary endothelium. Since many of
the characteristics of endothelial cells are determined by
the environment in which they develop, it is likely that
great differences exist among endothelial cells of capillaries
in different regions. We can assume that all endothelial
cells of a particular organism have the same genetic
potentialities for making chemical compounds that are
important in plasma membrane structure (lipids, structural
proteins, channel, transport, and enzymatic proteins, gly-
colipids, and polysaccharides). The details of assembly of
supramolecular units at membrane surfaces are regulated by
enzymes whose specificities are under genetic control.
However, the assembly process is subject to many epige-
netic local influences [e.g. pH, concentrations of small
charged molecules (organic and inorganic), availability of
water]. In addition, a cell may exercise a number of options
in terms of the exact number and types of molecules
employed in construction of surface structures and still be
able to meet its functional needs. A mosaic of different
structures exists, even on the surface of one cell. Nonuni-

formity and specialization of cell surface regions in individ-
ual cells have been repeatedly seen morphologically in light
and electron microscopic studies and have been detected by
sensitive biological tests. Probably no two endothelial cells
in the adult organism are identical in every respect.

Arteriosclerosis

Absent all other types of damage that might occur, arterio-
sclerotic changes arise inevitably as a result of cumulative
age-related hemodynamic damage to endothelial cells of
the arterial vasculature. These cells are subjected to the
unremitting stress of pulsation of blood vessels caused by
the pressure waves arising from cardiac action. There is
high velocity impact of blood on arterial walls, particularly
at bends, turns, or curves, where tremendous wear and tear
occurs on resident endothelial cells because of the turbu-
lence occurring in their vicinity. There are greatly in-
creased turnovers of endothelial cells in such regions and
probably decreased lengths of telomeres by comparison with
what is observed in straight portions of the arterial vessels
or in the veins, in which flow rates of blood are much lower
than in arteries. Thus, no one can completely escape the
occurrence of arteriosclerosis, even if all disease and exog-
enous environmental toxic factors were eliminated. Arte-
riosclerotic lesions in regions of high hemodynamic impact
are observed upon autopsy, even in children. The structure
of human adrenocortical arteries is sufficiently convoluted
[31, 32] so that even in the absence of any specific disease
processes, there are likely to be many progressive age-
related local arteriosclerotic changes. Unfortunately, hu-
man adrenocortical circulation is so complex that compre-
hensive studies in aging and disease have not been at-
tempted.

The removal of functionally or structurally flawed cells
and their replacement by normal ones is a highly adaptive
process, providing a proper balance is maintained between
cellular destruction, removal, and replacement so that
functional integrity can be maintained. However, it is
almost impossible for the repaired blood vessels to be as well
organized as those before injury. None of the cellular
elements that make up the vessel walls and endothelium are
passive. At all times they are exchanging chemical signals
with each other and with the fluid and cellular components
in which they are bathed or with the extracellular matrix
with which they associate. For example, vascular endothe-
lial cells form and secrete many highly active substances,
such as prostacyclin, NO, cyclic GMP, the endothelins, and
interleukin-6; and inputs of many kinds impinge upon
them. Regeneration of injured vascular tissue does not
occur in a tightly coordinated, lock-step manner. Structural
defects in repaired blood vessels often result. As conse-
quence of recurrent cycles of injury and repair, during
which there are simultaneous exposures to growth factors
and degradative enzymes, there result increases in variabil-
ity of endothelial cell size and shape. Distortions occur in
vascular architecture that have been described as “tortuos-
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ity, kinking, looping, turning, braiding, vascular wicker
works, and glomerular loop formation.” There is thickening
of capillary walls, alteration of capillary and arteriolar
diameter, disappearance of the perivascular neural plexus,
and radially arranged fibrillary changes in the adventitia
(see, for example, Refs. 33–42).

The above kinds of aging changes in blood vessel
structure are attributable largely to initial injuries to endo-
thelial cells. To cite Ref. 43, “The response is characterized
by adhesion of platelets and macrophages on the site of
injury, the formation of lipid and cell-rich lesions or
“plaques” on the intimal or luminal surfaces of arterial
tissues, and the invasion of underlying smooth muscle cells
into the intimal space. If left unchecked, there will follow
an age-dependent expansion of the lesion into the lumen,
potentially leading to occlusion and infarction at myocar-
dial, cerebral, or other sites.

The length of telomeric DNA is a marker of replicative
age and division capacity of somatic cells. Because human
vascular cells do not have telomerase activity, the length of
telomeric DNA can serve as a marker of replicative age and
division capacity. It is a marker of cell turnover for human
vascular tissue. It is likely that not only the loss of
replicative capacity but also the alteration in gene expres-
sion seen in senescent cells contributes to age-related
cardiovascular disease. If senescent endothelial cells accu-
mulate at focal sites of high cell turnover, then their
reduced ability to divide and form a continuous monolayer
will expose the underlying media to blood-derived mito-
genic and adhesive factors, which would contribute to the
formation of the expanded intimal morphology character-
istic of an atherosclerotic plaque. Aberrant expression of
genes such as endothelin and intercellular adhesion mole-
cules in senescent endothelial cells could also participate in
atherogenesis.”

There may appear on membranes of infected, aging, or
dying endothelial cells proteolytically released fragments,
ordinarily existing as immunologically hidden portions of
large native protein aggregates, which as separate entities
become signals to components of the immune network to
destroy the cell and to remove the debris by available
degradative machinery [44]. Unfortunately, sufficient sim-
ilarities in antigenic components may exist in endothelial
cells in different tissues so that normal endothelial cells
distant from a site of injury may be attacked. Thus, kidney
damage may result in autoimmune attack on endothelial
cells in skin capillaries (see Ref. 30).

QUADRIPARTITE MORPHOLOGICAL AND
FUNCTIONAL ZONATION IN THE HUMAN
ADRENAL CORTEX

I overcame the confusion of trying to understand “adrenal
cortical biology” when it became clear that the human
adrenal cortex differs in many respects from the cortex of
non-primate species. Most helpful in this pursuit was a
rarely cited monograph published in 1969 by Symington

[45]. I became acquainted with this magisterial work
through an associate who obtained a copy from the table for
discarded books at the Stanford University medical library.
For the first time I began to discern a realistic picture of the
unstressed normal adult human adrenal cortex.

Let us start with the inner zone of the adrenal cortex, the
zona reticularis. Compact cells of the zona reticularis are
arranged in alveoli separated by prominent thin-walled
sinuses. The cells are poor in lipid, which is present in small
droplets. The cytoplasm is granular, eosinophilic, and rich
in RNA. These compact cells are intermediate in cytoplas-
mic volume between the cells of the other zones to be
described below. They have densely packed cytoplasmic
vesicles and granular endoplasmic reticulum. Spherical
mitochondria are abundant and have a tubular and cristate
internal structure. These cells do not have any free osmio-
philic lipid, but they do have a few lipid vacuoles, many
lysosomes, and extensive microvillous formation. Osmio-
philic or residual bodies are possibly lysosomal in nature;
and lipochrome pigment (aging pigment) may be seen in
abundance in these cells in old people. These cells are the
chief major suppliers of DHEAS in the body but cannot
make the major sex hormones because they do not possess
the enzyme 3b-HSD.

Although at first glance there appears to be an abrupt
change in appearance from the zona reticularis to the zona
fasciculata, with an undulating interface sharply delineat-
ing the two zones, there are cells at the interface that are
different in appearance from those in either of the above
layers. The cells at the interface between the zones possess
spherical mitochondria that show great variation in size and
striking vesicular structure. Many large membrane-bound
non-osmiophilic lipid vacuoles are found in them, and they
contain numerous lysosomes and microvilli. I propose to
call these the interface cells and suggest that they have a
different steroid biosynthetic role than the cells of the
reticularis and fasciculata layers (see below). I believe they
produce the major sex steroids, T, dihydro T, estrone, and
estradiol. Similarly appearing cells occasionally are seen in
the zona fasciculata.

The zona fasciculata constitutes most of the adrenal
cortex. Its cells are arranged in long regular columns and, in
the non-stressed gland, are filled with large lipid globules
that are removed in the preparation of paraffin sections to
form a clear vacuolated cytoplasm (clear cells). They have
little stainable RNA, and only a few mitochondria are seen
in their cytoplasm. They have a large cytoplasmic volume
and densely packed cytoplasmic vesicles and spherical
mitochondria of uniform size with a tubular internal struc-
ture and few vesicles. Many osmiophilic-free lipid aggre-
gates are present, and few lysosomes and only occasional
microvilli are seen. These are the cortisol-producing cells.

The zona glomerulosa, in which aldosterone is produced,
is rarely prominent in the human adrenal cortex and, when
present, is seen in some parts of a section and not in others.
This focal nature of the zona glomerulosa must be empha-
sized since this is not generally appreciated, and often in the
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literature, a prominent zona glomerulosa is described when
the cells reported are really those of the zona fasciculata.
The cells of the zona glomerulosa have small dark-staining
round nuclei and scanty lipid-containing cytoplasm, which
gives a positive stain for RNA. The cells contain abundant
mitochondria. The glomerulosa cell shows a relatively large
nucleus, small cytoplasmic volume, scattered cytoplasmic
vesicles, and elongated cristate mitochondria. The scanty
osmiophilic lipid is lying free in the cell, and few lysosomes
are seen. The cell membrane is often complexly interlocked
with neighboring cell membranes, and occasional mi-
crovilli are seen. There is no sharp dividing line between
the zona glomerulosa and the zona fasciculata; the cells of
the latter merge with the ill-defined zona glomerulosa, and
in regions where this zone is absent, the zona fasciculata
extends outwards to the capsule.

Division of the adrenal cortex into three distinct zones
from outer to inner (zona glomerulosa, zona fasciculata, and
zona reticularis) is still accepted by many, regardless of
species. However, the three “classical” zones, the concept of
which was derived from composites of observations made,
for the most part, in non-primate species most convenient
for study, are rarely seen in normal human adrenals and,
when present, some pathological condition should be sus-
pected [45].

Aspects of Cell Dynamics in the Human Adrenal Cortex

Like other somatic cells, the cells of the adrenal cortex
probably do not possess telomerase activity in the normal
unstressed state, but it is not known whether or not
telomerase activity might be elicited in them. For example,
telomerase was activated in the prostate and seminal
vesicles of the castrated rat [46]. The telomerase activity
disappeared during testosterone-induced regeneration of
these tissues. It will be of great interest to determine
whether or not telomerase activity is inducible in cells of
the various adrenal cortical zones under conditions of stress
and, if it is, whether or not it is repressed by the substances
formed within the different cell types.

As matters stand now, we must assume that each of the
cell types described above probably can undergo mitosis and
has a finite life span that depends on telomeric length.
Mitotic cell division in the unstressed adrenal in humans is
seen only in the cells of the zona reticularis and never is
observed in clear cells in any part of the zona fasciculata
[45, 47]. For obvious reasons, it is not possible to perform
large numbers of meaningful highly controlled experiments
in vivo on adrenal function in normal humans. A unique
series of observations was made on 40 patients with ad-
vanced mammary cancer subjected to two-stage adrenalec-
tomy [47]. After one adrenal was removed, the second
gland was removed after an interval ranging from 7 to 21
days; 200–400 units of ACTH, possibly contaminated with
growth hormone, was administered over the 3 days prior to
operation in all but 6 of the cases. Thus, 40 glands were
subjected to the stress of the first operation, and 34 to both

operation and hormone administration. The mean mitotic
count of the cortices of the adrenal glands before surgery
was 0.9 per 100 high-power fields, a number that was not
exceeded in the 6 cases not receiving hormone during the
second period. In 9 of the 34 specimens from individuals
receiving hormone in the second period, the mitotic count
was grossly elevated, in one case to 35 mitotic figures per
100 high-power fields. The remaining 25 cases showed little
or no increase in mitoses. Most importantly, mitotic figures
were found in unstimulated glands only in compact RNA-
containing cells, notably in the zona reticularis; but such
cells also were seen in fairly peripheral positions in the zona
fasciculata in the glands stimulated as described above,
implying that growth, cell division, and cell migration had
taken place.

Study of normal adrenal glands obtained from 10 subjects
(34–58 years) undergoing nephrectomy due to nonpapil-
lous carcinoma of the kidney [48] showed the following
apoptotic labeling indices for free 39-ends of DNA (labeled
nuclei per 100 nuclei): zona reticularis, 3.90 6 0.78%; zona
fasciculata, 9.36 6 1.68%; and zona glomerulosa, 50.46 6
5.22%. On the other hand, immunostaining for the d-sub-
unit of DNA polymerase, which is necessary for DNA
repair and for synthesis, was highest in the zona reticularis,
and little or no expression of it was noted in the zona
glomerulosa. The interpretation of the above data awaits
further information.

It is surmised that upon ACTH stimulation, the clear
cells respond immediately, and steroids are formed and
released [45]. If administration of ACTH is continued, the
cells become compact in type. There are increases in RNA
and in enzymes involved in steroid biosynthesis, particu-
larly at the interface between the zona fasciculata and the
zona reticularis. The immediate effect of ACTH is to
release steroid hormones from precursors stored in clear
cells, while its long-term effect is, in some way, involved in
developing the enzyme systems in compact cells to allow
continued production of steroids at a steady rate.

The peculiar vascular arrangement of the human adrenal
[30, 31] is so designed that ACTH and possibly other
pituitary hormones and modulators are continually in
contact with the compact cells of the zona reticularis and,
in time of stress, can be brought into contact with the clear
cells at the interface between the two zones [45].

ASPECTS OF STEROID-BIOCHEMICAL
DYNAMICS IN THE HUMAN ADRENAL
CORTEX [2–7; 49, 50]

In Fig. 4 are shown outlines of the main features of
steroid-synthetic repertoires proposed to be present in each
of four functional zones in the human adrenal cortex. The
innermost zona reticularis (Fig. 4-I) can only synthesize and
release PREG, PREGS, 17a-OH PREG, DHEA, and
DHEAS because it does not possess 3b-HSD activity, an
enzyme present in all of the other adrenocortical zones. The
hydroxylation of PREG by P450c17 and chain scission of
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FIG. 4. Proposal for the quadripartite zonal production and secretion of adrenocortical steroids in humans. The DHEA, 17a-OH
PREG, and PREG shown as starting compounds for hormone synthesis in zones II–IV, respectively, may be found within the particular
zone or obtained from the extracellular fluid into which these substances are secreted by zone I.
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17a-OH PREG are both inhibited by DHEA; the hydroxy-
lation reaction also may be inhibited by PROG.

Adrenocortical sex steroid synthesis occurs virtually
entirely in the interface zone (Fig. 4-II). The DHEA
required for this pathway can be synthesized indigenously in
this layer by the same pathways as in the zona reticularis,
derived from a plethoric supply of DHEA released from the
contiguous zona reticularis, or from both sources. From it
arise ADD, T, dihydro T, estradiol, and estrone.

Cortisol is formed in the zona fasciculata without the
participation of DHEA (Fig. 4-III). Its synthesis begins with
17a-OH PREG, which requires 17a-hydroxylation of
PREG by the P450c17, but not removal of the side-chain by
the 17,20 lyase activity of P450c17.

The synthesis of aldosterone in the zona glomerulosa
(Fig. 4-IV) does not require the participation of P450c17 at
all.

From the above (also see data in Table 1), it can be
surmised that the statistically significant age-related de-
creases in the blood of the steroids formed in the reticularis
and interface zones, and not in cortisol or aldosterone,
formed in the fasciculata and glomerulosa, respectively, are
attributable somehow to inadequate chain-scission function
of P450c17 in vivo. To date, no defects have been reported
in the structure or catalytic activity of P450c17 as a function
of adult age. Therefore, it seems that some other age-related
change(s) may adversely affect the activity of P450c17 and
not of the other enzymes indicated in Fig. 4. Many
published studies support such a conclusion, but to my
knowledge an adequate explanation has not been found.

WHY ARE THERE MONOTONIC AGE-RELATED
DECLINES IN SERUM DHEA AND DHEAS IN
HUMAN BEINGS AND IN OTHER PRIMATES?

Numerous hypotheses have been advanced in attempting to
answer the above question [49, 50], but none has been
entirely satisfactory in establishing a direct connection with
some fundamental aspects of the aging process. I propose
that the ratio of 17a-hydroxylase to 17,20 lyase activity of
P450c17 may be determined by O2 availability. Molecular
O2 is an obligatory substrate of all cytochrome P450
hydroxylases involved in steroid biosynthetic pathways.
Cytochromes P450 all reduce atmospheric O2 with elec-
trons from NADPH. Progressive deficiency of oxygen
availability, an essential substrate in both the 17a-hydrox-
ylase and 17,20 lyase activities of P450c17 (Fig. 5), may be

a major cause of the monotonic age-related decline of
adrenal biosynthesis of DHEA and DHEAS and of their
delivery by endothelial cells into the circulation. The
proposition is: adrenal arteriosclerosis3 decreased adreno-
cortical circulation 3 O2 and glucose deficit 3 decreased
O2-requiring synthesis of DHEA 3 eventual decrease in
numbers of DHEA-synthesizing cells in the zona reticularis.

The zona glomerulosa relates to the arterial end of the
capillary bed across the adrenal cortex, the interface zone
and zona fasciculata relate to the middle portions, and the
zona reticularis is closest to the venous end. I presume that
availability of O2 and glucose decrease in the arterio-
venous direction, the zona reticularis being the most poorly
supplied with both. Therefore, the capacity to synthesize
DHEA and DHEAS by P450c17 in parenchymal cells of the
zona reticularis and to deliver them into the bloodstream
would be most at risk. The mineralocorticoids and glu-
cocorticoids formed upstream enter the reticularis region
through the shared circulation and expose the cells therein
to much higher concentrations of these steroids than
eventually occur in the general circulation. Such effects
would likely be of major consequence, making the existence
of cells in this region unique in terms of their mineralocor-
ticoid and glucocorticoid exposure. Such exposure is more
prolonged than would occur in an ordinary flow-through
system, since there probably is storage of steroids by a
unique structure, the venous vascular dam, which contracts
to release its steroidal contents into the bloodstream only
when signaled to do so by a burst of ACTH [31, 32].

In addition to whatever trophic effects ACTH may exert,
the heavy load of impinging cortisol might be a particularly
great challenge to the health and welfare of the capillary
endothelial cells and to the survival of the reticularis
parenchymal cells (see, for example, Ref. 51). This is of
utmost importance, since entry of O2, glucose, and other
nutrients and growth factors must take place through the
endothelial cells, as must the exit into the circulation of
DHEAS, DHEA, and other factors made in the reticularis.
Endothelial cells probably also exchange specific key signals
with the zona reticularis cells, much as has been shown to
be the case in the zona glomerulosa in which the endothe-
lial cells transmit a factor to the parenchymal cells that
enhances the secretion of aldosterone [52]. DHEA and
DHEAS also may modulate growth of smooth muscle cells
[53].

There seems to be little morphological or physiological

FIG. 5. Requirement of O2 as substrate in the biosynthesis of 17a-OH PREG and DHEA by P450c17.
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knowledge of the effects of aging on the structure and
function of the microvasculature in the reticularis region of
the adrenal of healthy individuals, a matter of great
potential interest.

The binding constants of O2 for the hydroxylase and
17,20 lyase activities of bovine P450c17 were found to be 22
and 66 mM [54], respectively, the affinity of O2 for the
hydroxylase activity being considerably higher than for the
lyase activity (Fig. 5). Assuming a similar relation to exist
in the human adrenal, a low PO2 in the cells that converts
PREG to 17a-OH PREG and thence to DHEA and
DHEAS (Fig. 4-I) could lead to a decrement in capacity to
produce DHEA and DHEAS and also to a dissociation
between the 17a-hydroxylase and 17,20 lyase activities of
P450c17, so that relatively more 17a-OH PREG than
DHEA would be formed per unit time. It can be envisioned,
for example, that at some levels of O2 deprivation the
17a-OH compounds could be formed and released into the
blood even when no DHEA or DHEAS would be formed at
all. Increased metabolic activities occurring in the adrenal
zones preceding the reticularis in the arterial tree, as upon
ACTH stimulation of cortisol synthesis in the fasciculata,
would make less O2 and glucose available to cells in the
reticularis. Prolonged stress might severely compromise
adrenal androgen synthesis in the zona reticularis by the
onslaught of increased cortisol, itself [51].

There could be temporary and reversible decrements in
the capacity to produce DHEAS and DHEA if some of the
P450c17-containing cells, pushed metabolically to extents
that would cause them to exceed their apoptosis-resistance
limits, eventually would die, be removed, and be replaced
by mitosis of undamaged reticularis cells or by differentia-
tion of resident stem cells. Progressive, irreversible age-
related decrements in capacity to produce DHEAS and
related steroids would occur if replacement of dying cells by
differentiation of stem cells, should they exist, would
become attenuated by exhaustion of stem cell numbers
because of imbalances arising between their self-reproduc-
ing and differentiative proclivities, pressures for the latter
supervening.

When adrenal cortical secretion was stimulated by
ACTH in anesthetized dogs, the increased O2 consumption
that occurred was not accompanied by an increase in blood
flow but rather by an increased rate of O2 extraction from
the blood [55]. This means that an accelerated rate of
dissociation of O2 from the Hb in erythrocytes must have
taken place. Such dissociation could be achieved by acidi-
fication resulting from liberation of CO2 and lactic acid
and/or other acidic metabolites from the ACTH-stimulated
cells and by the decrease in ambient O2 resulting from
increased utilization. Should the latter events occur in the
outer cortical zones, less O2 would be available for dissoci-
ation from erythrocytes as they enter the zona reticularis.
Under conditions of rest or of increased demand by ACTH
stimulation, the O2 available from the partially O2-denuded
erythrocytes still might be sufficient to support adequate
production of DHEA and DHEAS by the two-step syn-

thetic process in P450c17-containing reticularis cells; but a
delicate balance would exist. Even in the full vigor of early
youth (e.g. 15–25 years), prolonged stress due to illness,
injury, or environmental exigencies may embarrass the
ability to form DHEA and DHEAS, the system not being
able to cope with the demand; but cortisol synthesis
remains essentially normal under such circumstances [56–
60].

We also must consider the gap junctions that exist
among steroid-producing adrenal cortical cells. In in vitro
experiments with the cortisol-producing cells, it was shown
that intercellular communications among them through
gap junctions increased sensitivity to stimulation by
ACTH, much greater secretion of cortisol being elicited
from them in response to low levels of ACTH in the
presence of gap junctions than in their experimentally
induced absence [61]. Let us assume that the above also
holds true for the release of DHEAS by the cells of the zona
reticularis in response to ACTH [62]. It was posited above
that the structural logistics in the adrenal cortex are such
that the PO2 in the zona reticularis is likely to be lower than
in the zona fasciculata. In O2 deficit, production of lactic
acid and other acidic substances would increase. Myriad
studies in varying biological systems have shown that
relatively slight acidification of the cytoplasm in the phys-
iological range tends to uncouple gap junctions between
cells (see, for example, Ref. 63). Uncoupling of gap junc-
tions in the zona reticularis and not in the zona fasciculata
would greatly favor cortisol release over that of DHEAS in
response to a given increase in circulating ACTH.

A key question remains at to why DHEA and DHEAS
levels are significantly lower at 40 years than at 25 years in
preprandial morning blood samples (Table 2). Does the
problem arise early only within the adrenal, itself, or is it
compounded by changes occurring elsewhere? Relevant
important information might be gained from consideration
of the partner of the adrenal cortex in the O2 business, the
erythrocyte. The erythrocytes that pass through a region of
marginal O2 availability, such as we have envisioned the
zona reticularis might be, must be at the ready to relinquish
the O2 held by their Hb. For erythrocytes to be optimally
equipped to do their jobs, their membranes must be in
shape to allow free and extremely rapid diffusion of O2 and
CO2 across them. They must contain a full complement of
Hb in an excellent state of molecular repair. Maximal levels
of DPG should be present, DPG being required to maintain
Hb in an optimal configuration for unloading O2 to tissues.
Evidence suggests that progressive aging changes take place
in all of the above parameters. From the age of 20 years on,
highly significant progressive surface changes in erythro-
cytes could be detected. Erythrocytes of old individuals
showed consistently lower levels of intact Hb than did those
of young donors. The changes in membrane properties and
the Hb damage may be attributable, at least in part, to
enhanced free radical and peroxidative damage occurring
because of a progressive age-related decrease in superoxide
dismutase activity in erythrocytes of older individuals. The
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loss of superoxide dismutase activity may result from self-
destruction of the enzyme by the products of its own
activity because of age-related reductions in catalase, glu-
tathione peroxidase, glutathione reductase, and glucose-6-
phosphate dehydrogenase activities. Significant decreases
also occur in the content of DPG with the age of the
erythrocyte donor [64–68].

Thus, progressive aging changes in erythrocytes together
with the suggested naturally precarious state of oxygenation
of the zona reticularis, its plethoric exposure to cortisol, and
the presence of free radical metabolites of catecholamines
arising from medullary chromaffin cells [69, 70] that are in
intimate contact with zona reticularis cells and from exog-
enous sources [71] could lead to temporary or permanent
functional and/or structural debilitation in the reticularis
cells that could result in progressively lower activity of
P450c17 and also in decreases in cell numbers. This, in turn,
would be reflected in decreased production of the 17a-OH
PREG and of DHEA and with dissociation of rates of
their formation, so that the following order of decreases
would occur: DHEA . 17a-OH PREG . PREG (Fig. 2A;
Table 2).

Androgen administration has long been know to increase
erythrocyte production and survival, effects believed to be
attributable to androgen-stimulated erythropoietin produc-
tion and release and also to direct effects on hematopoietic
cells, themselves. Androgens and their metabolites play
regulatory roles in activities of hematopoietic stem cells at
various stages of differentiation. Androgens also increase
DPG levels by direct effects on circulating erythrocytes and
exhibit salutary membrane effects, as reflected by decreased
osmotic fragility [72–78].

WHAT IS TO BE DONE?

In light of the discussion in the preceding section, restoring
normal levels of tissue O2 availability could be salutary
when low O2 tensions exist, as when arteriosclerotic
changes occur. For example, incoordinations in hypo-
thalamo-hypophyseal and in adrenal cortical functionalities
may increase with age as a result of progressive age-related
arteriosclerotic changes in each of these tissues. Activities
of the adrenal cortex are controlled hormonally and neu-
rally to a considerable extent by hypothalamo-hypophyseal
command signals, the extents and nature of which are
sensitive to feedback signals from the adrenal cortex via
products it produces and secretes into the bloodstream.
Conjunctive dysregulation in aging could lead eventually to
catastrophic organismic failure. If O2 availability were a
rate-limiting factor in functional inadequacies in sending
and receiving signals in the above relationships, then
resupply of O2 should attenuate the destructive progression
and also increase the adrenocortical output of DHEA and
DHEAS, major adrenal secretions for the synthesis of
which O2 is required as a substrate.

Improvement of oxygenation may be obtained with
aerobic exercises and inhalation therapy. Nontoxic O2

carriers are being developed for intravenous clinical use [79]
as are compounds that cross cell membranes and react
allosterically with Hb to reduce Hb–O2 affinity and unload
more O2 from Hb–O2 to hypoxic tissues [80]. Experiments
are being planned to determine whether or not the above
modalities will increase serum levels of DHEA and
DHEAS.

It is possible to return reduced serum levels of BT and
DHEAS in older individuals to those found in normal
young adult males. Ingestion of moderate daily amounts of
DHEA normalized reduced DHEA and DHEAS levels in
males, but levels of total T were not changed [81]; nor was
total T increased by daily feeding of 525 mg of PREG over
a 3-month period.‡ High oral doses of DHEA actually
reduced serum T levels [82]. In the above, serum levels were
measured in the morning after an overnight fast. Intramus-
cular administration of T increases total serum T and BT
[83]. From the above, it is anticipated that coadministration
of DHEA and T in appropriately safe small amounts will
make it possible to raise serum BT and DHEAS to normal
young adult levels in individuals with age-related reduced
levels. When this is achieved, it will be of great interest to
determine whether or not decrements in some of the
age-related hematopoietic properties and cognitive and
physical measures will be reversed.

There is reason to consider combining O2 therapy with
appropriate administration of DHEA and testosterone in
attempting to optimize steroid functionality in the aging
male.

THERE PROBABLY WAS NO NATURAL
SELECTION FOR LONGEVITY PER SE, BUT
SELECTION FOR PLURI-ADAPTIVE
MECHANISMS THAT PRIMARILY IMPROVE
REPRODUCTIVE EFFICACY COULD HAVE
OCCURRED

Time’s arrow always has pointed in the direction of selec-
tion of characteristics that adapted a species to survival
until it could at least reproduce its numbers. There may
have been selection of self-destruct mechanisms that come
into play at the cessation of the reproductive period, which
would serve to remove organisms from competition for
limited resources with the breeding population.

Decisions must be made as to how the metabolic flow
should be fractionated between the mineralocorticoid, an-
drogen-estrogen, and glucocorticoid pathways (Figs. 1 and
4). In the presence of tightly coupled, adequately opera-
tional control mechanisms, each of the above pathways
receives all the precursors needed to produce sufficient
quantities of the relevant substances to facilitate key
processes at all levels of existence. This is what generally
occurs in the vigor of youth. However, with aging and
under conditions of stress, real or perceived, and in sick or
injured organisms, priorities are established that first main-

‡ Roberts E and Miller B, manuscript in preparation.
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tain essential functions for survival of an individual organ-
ism and only then for its reproductive activities.

Without generation of sufficient metabolic energy and its
appropriate coupling to cellular functions, death would
ensue. In stress related to serious illness, there is a shift in
pregnenolone metabolism away from DHEA and DHEAS
production to that of glucocorticoids, which are acutely
necessary for survival by virtue of their roles in the control
of energetics. Determination made before and after surgical
removal of adrenocortical adenomas in patients in whom
ACTH secretion presumably was suppressed by feedback
inhibition by excess serum cortisol during the presence in
them of the tumors suggested that a deficiency of ACTH
may result in a long-lasting loss of the ability to secrete
DHEAS rather than of the ability to secrete cortisol [2].
The mineralocorticoids have high priority because of their
role in the maintenance of the delicate ionic balances
between the cellular and extracellular environments. Sur-
vival in states of severe ionic imbalance may be even
shorter than when energy supplies become limiting. The
last in line would be the androgen-estrogen pathways, since
reproductive activities are crucial for survival of a species,
but not at all for any particular individual.

Bursts of gonadally formed sex steroids in seasonally
mating species may be sufficient to support both the
primary activities within the gonads and the coordinate
secondary activities elsewhere in the organism necessary for
consummation of successful mating. In primates, because of
small numbers of offspring per mating, long gestation
periods, and seasonally independent mating, it is advanta-
geous to have the mating apparatus at the ready whenever
opportunity arises. Available reservoirs of DHEA and
DHEAS, which can give rise rapidly to the necessary sex
hormones and perhaps, as suggested herein, also facilitate
their entry and target them to receptive sites, would be
ideally suited for this role. This was achieved by the
development of DHEA and sex hormone producing cells in
the zona reticularis of the adrenal cortex. This may have
been a late evolutionary “add-on” so to speak, and not a
well-defended one at that, since there are weak links
existing in these cells because of their potentially tenuous
O2 economy and exposure to barrages of cortisol and
catecholamine-generated free radicals, as proposed above.
It is this tentativeness that could couple the activities of the
zona reticularis cells and, indeed their very existence to
reproduction, since changes in physical, neural, or hor-
monal factors, separately or together, that signal cessation
of the reproductive activity of the organism might lead to
the progressive debilitation and eventual demise of the
reticularis cells, to which incoordination of the functional
yin–yang between DHEAS and cortisol contributes [84].

Although DHEA and DHEAS play multifactorial roles
in physiology and are pleiotropic facilitators of many
cellular processes, their most important function in evolu-
tionary terms may be to furnish adrenally and gonadally
formed testosterone and estrogens, which are necessary for
effective reproductive activity and early care of offspring to

take place. T and DHEAS, and other substances to which
they give rise, help meet the control needs of many tissues
within the organism, making them cybernetically more
effective and more resistant to malfunction during the
reproductive period. Can we exploit safely and effectively
aspects of the close partnership among them to increase the
health and longevity of the human organism beyond the
reproductive period more effectively than occurs now?

Shakespeare described the continent of sex and aging
almost 400 years ago. We, as scientific cartographers, have
been busy exploring its highways and byways. It is doubtful
that our efforts will lead to the discovery of another
continent. However, the information being generated can
be most informative and useful.
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