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D ehydroepiandrosterone (DHEA) was
isolated in urine in 1934, and DHEA
3B-sulfate (DHEAS) was identified 10
years later (1, 2). It took another decade to
identify DHEA and DHEAS in peripheral
blood (3, 4). More recently, fatty acid
esters of DHEA, testosterone, and estra-
diol (5) were isolated from a variety of
tissues, particularly fat (6), and their pres-
ence in circulation (5). In 1981, Corpéchot
et al. (7) reported the presence of DHEA/
DHEAS in the mammalian brain, but
isolation of the key enzyme P450c17 re-
quired for the biosynthesis of DHEA was
unsuccessful. Recently, P450c17 expres-
sion and biosynthesis of DHEA were
found to interact by way of a tripartite
contribution of astrocytes, oligodendro-
cytes, and neurons (8, 9). These neuro-
steroids act as an antagonist of the y-ami-
nobutyric acid type A receptor and as a
modulator of the N-methyl-D-aspartate
receptor (10) and may have sleep-inducing
(rapid eye movement sleep) (11), memo-
ry-enhancing, and anxiolytic properties
(see review in ref. 10).

The adrenals of humans and a few
higher primates synthesize and secrete
large amounts of DHEA and DHEAS (via
sulfatransferase) that are biotransformed
into biologically active androgens and es-
trogens in peripheral tissues. It is esti-
mated that more than 30% of total andro-
gen in men and over 90% of estrogen in
postmenopausal women are derived from
peripheral conversion of DHEA/DHEAS
(12). Thus, intracellular biotransforma-
tion of DHEA to active sex steroids may
bind locally to their specific intracellular
nuclear receptors with minimal loss of
concentration or time, an economical
system to exert maximal functional ac-
tivities (12).

During the past five decades, a myriad
of animal experiments has suggested that
DHEA is a multifunctional hormone with
beneficial effects, including antiaging
properties. Because a backdrop of these
studies was conducted in rodents with
little or no detectable circulating DHEA,
it may be viewed as a pharmacological
model with a naive environment that is
devoid of endogenous DHEA.

www.pnas.org/cgi/doi/10.1073/pnas. 161278698

The secretion of DHEA by the human
adrenal gland exhibits a pulsatile pattern
with increasing frequency and amplitude
at night. This pattern of DHEA synthesis
and secretion by the zona reticularis is, in
large measure, me-
diated by cortico-
tropin (ACTH) but
without the feed-
back regulatory
function. With ag-
ing, the progressive
blunting of ACTH
mediates pulsatile
activities, particu-
larly the nocturnal
amplification of
DHEA (13), with-
out affecting the
pulsatile rhythm of
cortisol (14). Al-
though the decline
of DHEAS levels persists into advanced
age with a sexually dimorphic pattern, in
contrast, cortisol levels in men and women
show a parallel linear increase with aging
(15). The age-related decline in DHEAS
shows marked individual differences with
a wide range of values and is under partial
hereditary control. It has been suggested
that DHEAS may be a measurable com-
ponent of the individuality of the aging
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process itself (16, 17) (Scheme 1).

The biological function of DHEA and
DHEAS in human aging is evolving.
Mazat et al., in a recent issue of PNAS
(18), advance the possibility, emerging
over the past few years, that in aging men,
but not in aging women, low DHEAS
levels are a reliable predictor of death in
smokers, even in former smokers, under
70 years of age. The population under
study is a subset cohort of the PAQUID

During the past five decades, a

myriad of animal experiments

has suggested that DHEA is a
multifunctional hormone
with immunoenhancing,
antidiabetic, antiobesity,
anticancer, neurotropic,
memory-enhancing, and

antiaging effects.

program (a prospective cohort study of
elderly subjects from the southwest of
France) with an 8-year follow-up in 290
subjects (119 men and 171 women).
DHEAS measurements and interviews for
health parameters
were conducted at 1-
and 8-year follow-ups.
During the 7-year in-
terval, there was a
global trend of de-
cline in DHEAS lev-
els: 2.3% per year
among men and 3.9%
among women. How-
ever, in ~30% of par-
ticipants, DHEAS
levels actually in-
creased, a phenome-
non also observed in
another longitudinal
study by Orentreich et
al. (19). This evolution in DHEAS levels
with time in one-third of individuals has
no relationship to health parameters and
is difficult to explain in the context of
selective reduction of zona reticularis cell
mass by 30% in aging individuals, ac-
countable for the decline in DHEA/
DHEAS synthesis and secretion (20). The
possibility of a reduced metabolic clear-
ance of DHEA/DHEAS because of sub-
clinical functional impairment of kidneys
and liver was not evaluated.

In human aging, the reduction of adre-
nal androgen secretion is accompanied
by a host of neuroendocrine-metabolic
dysfunctions that include decline in
the growth hormone (GH)-insulin-like
growth factor I (GH-IGF-I) system (21),
thyroid function (22), and immune com-
petence (23), fragmentation of sleep (11),
and neuronal loss. The data presented by
Mazat et al. (18) reaffirm the variability of
DHEAS levels and gender differences.
The absence of effects of low DHEAS
levels on mortality in women is contrasted
to a high relative risk (RR) of death in
aging men with low DHEAS levels (RR =

See companion article on page 8145 in issue 14 of volume 98.
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1.9, P < 0.007) but even higher RR of
death in men under 70 years of age (RR =
6.5, P = 0.003). Against this background,
the RR of death is much higher in smokers
with low DHEAS levels than in nonsmok-
ers with high DHEAS levels (RR = 6.7,
P = 0.001). Thus, Mazat et al. concluded
that low DHEAS levels are a reliable
predictor of death in male smokers. How-
ever, several studies cited have shown
smokers are associated with high instead
of the low DHEAS levels observed in the
present study—an intriguing puzzle!
Nonetheless, the cohort sample (290) of
aging subjects is relatively small to address
issues of mortality.

The selection by death or survival bias
is best illustrated in studies conducted in
centenarians. Ravaglia ez al. (24) reported
that, among the oldest men, those with the
highest functional status had the highest
DHEAS levels, and individuals with poor
functioning levels had the lowest DHEAS
levels. Thus, DHEAS has a strong inter-
relation with functional activities ob-
served in 75 healthy people 90-106 years
old. Another study in healthy centenarians
(25) has found plasma IGF-1/IGF-binding
protein 3 (IGFBP3) molar ratios are
greater than in aged subjects, suggesting
increased bioavailable IGF-I might im-
prove insulin action and plasma lipid pro-
files in centenarians. Studies in aged pop-
ulations (55-80 years) showed free IGF-I
levels do not decline with age and are even
higher in individuals above 70 years old. It
was proposed that high free IGF-I levels in
older persons may be the consequence of
selective survival in the cohort (26). More-
over, high fasting free IGF-I levels are
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associated with a decreased risk of cardio-
vascular disease (27), whereas low free
IGF-I and high IGFBP-1 are associated
with a decreased quality of health but not
physical disability in the elderly (28).

DHEAS has also been shown to induce
peroxisome gene expression mediated
through the activation of peroxisome pro-
liferator-activated receptor (PPAR)a, as
reported by Peters et al. (29). DHEA and
a-Adiol are both inactive in this regard,
suggesting the importance of 3B-sulfate
may be required for structural confirma-
tion for PPARe« (29, 30). Thus, DHEAS
may serve as an important endogenous
regulator of hepatic PPARa-mediated
pathways thereby maintain lipid ho-
meostasis and prevent decline in cellular
PPARa expression in normal aging. The
administration of DHEAS to aging ani-
mals elicits a number of biologic changes
that are mediated through a process in-
volving PPAR« activation with reversal of
the dysregulated cytokines, particularly
IL-6 (29). In humans, James et al. (31) and
Straub et al. (23) have provided evidence
that serum levels of IL-6 increase with age
and that serum DHEAS levels are nega-
tively correlated with serum IL-6 concen-
trations in both aging men and women.
The maximal effective dose of DHEA is in
the range for immunomodulation (23).
Thus, the increase in IL-6 production
during the process of aging might be re-
lated to diminished DHEAS secretion,
which, in turn, may be a significant cofac-
tor for the manifestation of inflammatory
and age-related diseases, including bone
loss (30).

13. Liu, C. H,, Laughlin, G. A, Fischer, U. G. & Yen,
S. S. C. (1990) J. Clin. Endocrinol. Metab. 71,
900-906.

14. Van Cauter, E., Leproult, R. & Kupfer, D. J.
(1996) J. Clin. Endocrinol. Metab. 81,
2468-2473.

15. Laughlin, G. A. & Barrett-Connor, E. (2000)
J. Clin. Endocrinol. Metab. 85, 3561-3568.

16. Rotter, J. I., Wong, F. L., Lifrak, E. T. & Parker,
L. N. (1985) Metabolism 34, 731-736.

17. Thomas, G., Frenoy, N., Legrain, S., Sebag-Lanoe,
R., Baulieu, E. E. & Debuire, B. (1994) J. Clin.
Endocrinol. Metab. 79, 1273-1276.

18. Mazat, L., Lafont, S., Berr, C., Debuire, B., Tessier,
J.-F., Dartigues, J.-F. & Baulieu, E.-E. (2001) Proc.
Natl. Acad. Sci. USA 98, 8145-8150. (First Published
June 26, 2001; 10.1073 /pnas.121177998)

19. Orentreich, N., Brind, J. L., Vogelman, J. H.,
Andres, R. & Baldwin, H. (1992) J. Clin. Endo-
crinol. Metab. 75, 1002-1004.

20. Parker, C. R., Jr., Mixon, R. L., Brissie, R. M. &
Grizzle, W. E. (1997) J. Clin. Endocrinol. Metab.
82, 3898-3901.

21. Corpas, E., Harman, S. M. & Blackman, M. R.
(1993) Endocr. Rev. 14, 20-39.

22. Mariotti, S., Barbesino, G., Caturegli, P., Bar-
talena, L., Sansoni, P., Fagnoni, F., Monti, D.,
Fagiolo, U., Franceschi, C. & Pinchera, A. (1993)
J. Clin. Endocrinol. Metab. 77, 1130-1134.

| www.pnas.org/cgi/doi/10.1073/pnas.161278698

Replacement of DHEA in aging popu-
lations by using different doses, durations,
routes, time of day of administration, and
endpoints has generated results that are
favorable in most studies (11, 32-35) but
not in others (36, 37). The report by Yen
et al. (38) specified that DHEA be taken
before bedtime to simulate the circadian
rise of DHEA secretion at night. Another
issue is relatively normal values for endog-
enous DHEA levels in some aging indi-
viduals: beneficial effects by exogenous
DHEA may not be clinically evident. In
this regard, Arlt et al. have demonstrated
that DHEA administration (50 mg/day)
induced an impressive improvement in
well-being, depression score, and sexual
interest in women with adrenal insuffi-
ciency and very low endogenous DHEA
levels (39). Beneficial effects of DHEA
have been found in immune function in
controlled studies in postmenopausal
women (40) and in systemic lupus ery-
thematosus (41). Night-time DHEA ad-
ministration targeted to individuals with
low DHEAS levels would likely afford
maximal benefits, e.g., improved quality of
sleep and increase in muscle strength (32,
35). As proposed by Mazat et al. (18), the
cessation of smoking and the supplemen-
tation of low DHEA levels may be a most
sound approach to reducing mortality in
male smokers. Interestingly, an increase in
IGF-I levels in response to oral DHEA
treatment (50 and 100 mg/day) was ob-
served in several of our studies (not ac-
companied by changes in GH secretion).
Although the mechanism(s) for the in-
crease in IGF-I is unclear (38), the bene-
ficial effects of IGF-I in aging subjects are
evident according to several studies cited
above.
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