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ABSTRACT

The physiological role of dehydroepiandrosterone (DHEA) and its sulphated ester
DHEA(S) has been studied for nearly 2 decades and still eludes final clarification. The
major interest in DHEA derives from its unique pattern of activity. Its levels exhibit a dra-
matic age-related decline that supports significant involvement of DHEA(S) in the aging
process. Particularly relevant to the aging process is the functional decline that involves
memory and cognitive abilities. DHEA is derived mainly from synthesis in the adrenal
glands and gonads. It can also be detected in the brain where it is derived from a synthesis
that is independent from peripheral steroid sources. For this reason DHEA and other
steroid molecules have been named “neurosteroids.” Pharmacological studies on animals
provided evidence that neurosteroids could be involved in learning and memory processes
because they can display memory-enhancing properties in aged rodents. However, human
studies have reported contradictory results that so far do not directly support the use of
DHEA in aging-related conditions. As such, it is important to remember that plasma levels
of DHEA(S) may not reflect levels in the central nervous system (CNS), due to intrinsic
ability of the brain to produce neurosteroids. Thus, the importance of neurosteroids in the
memory process and in age-related cognitive impairment should not be dismissed. Fur-
thermore, the fact that the compound is sold in most countries as a health food supplement
is hampering the rigorous scientific evaluation of its potential. We will describe the effect
of neurosteroids, in particular DHEA, on neurochemical mechanism involved in memory
and learning. We will focus on a novel effect on a signal transduction mechanism in-
volving a classical “cognitive kinase” such as protein kinase C. The final objective is to
provide additional tools to understand the physiological role and therapeutic potentials of
neurosteroids in normal and�or pathological aging, such as Alzheimer’s disease.
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INTRODUCTION

Dehydroepiandrosterone (DHEA) and its sulphate ester [DHEA(S)] are the most
abundant circulating hormones in humans. These molecules are synthesized mainly in the
adrenal glands and the gonads. However, they can also be produced in the brain and in the
peripheral nerves, either by metabolism of circulating hormones or by de novo synthesis
from cholesterol (11,12,14,133,134). Due to the latter fact, they have been named “neuro-
steroids” (13). In the central nervous system, neurosteroids act via classic intracellular re-
ceptor-mediated mechanisms that regulate the transcription of specific genes. In addition
to classic genomic steroidal actions, neurosteroids may modulate brain functions, acting
as allosteric modulators of ion-gated and other neurotransmitter receptors (122), such as
glutamate (42) and GABA receptors (84,85). In addition, they have shown putative effects
as neuroprotective agents (66,67). Through these actions DHEA(S) may affect central
functions such as memory and learning, protection of neurons against excitatory amino
acid-induced neurotoxicity, and reduction of risk of age-related neurodegenerative dis-
orders (163). In addition to the activities at the brain level, various other properties in-
cluding metabolic, immunomodulating, and anticancer have been attributed to these ste-
roids. The increasing interest in DHEA derives from the fact that its levels follow a
peculiar age-related pattern. In particular, the levels of DHEA are very high in young
adults and fall significantly with age (55,115), such that in some people, DHEA levels de-
cline 95% during their lifetime. Because of these peculiar characteristics of DHEA, com-
bined with its pleiotropic effects on many cellular and tissue functions, as well as corre-
lation between DHEA levels and general good health, there is a growing interest in DHEA
replacement therapy in the elderly (65). In some media DHEA has been named “the
fountain of youth.” Such claim is an exaggeration and the fact that DHEA is sold in most
countries as a health food supplement is hampering the rigorous scientific evaluation of its
potential.

CHEMISTRY AND BIOSYNTHETIC PATHWAYS

DHEA is a 19 carbon steroid hormone classified as an adrenal androgen. It is derived
from the transformation of cholesterol into pregnenolone by an oxidative side chain
cleavage reaction catalyzed by a specific enzyme located at the inner mitochondrial mem-
brane. This cytochrome P450 side chain cleavage (cytochrome P450scc) removes the
side-chain of 6 carbons from the cholesterol molecule. Subsequently the biosynthetic
pathway involves the activity of a microsomal cytochrome P450 with 17á-hydroxylase:
c17,20-lyase activity known as cytochrome P450c17, which converts pregnenolone (a 21
carbon steroid) into DHEA (Fig. 1). Finally, the conversion of DHEA into its sulphated
derivative DHEA(S) is catalized by a phospho-adenosine-phosphosulphate-dependent
hydroxysteroid sulfotransferase. DHEA(S) is metabolically interconvertible to DHEA
through hydrolysis by a sulphatase.

The Pattern of DHEA(S) Biosynthesis and Production During Aging

The main site of production of circulating DHEA in humans is the adrenal cortex,
which is histologically divided into three distinct zones producing different classes of
steroid hormones. Adrenal androgens such as DHEA(S) are produced in the zona reticula-
ris. Production of glucocorticoids occurs in the zona fasciculata, while mineral corticoids
are derived from the outer layer, zona glomerulosa (1,59,118). In addition to adrenals, go-
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nads (113,187) also produce DHEA in small amounts (10 to 20% of the circulating hor-

mone). DHEA is well known for its peculiar developmental pattern of its production. It is

produced at high levels by the adrenal glands in the fetus, and then its levels drop sharply

after birth to levels that are virtually undetectable (40). The levels of DHEA show a signif-

icant increase in the years prior to puberty (the “adrenarche”), and reach a peak by the

third decade of life (1,118). Peak levels of DHEA appear to be different in males and fe-

males, with the latter having lower circulating levels of the hormone. Following the peak

in young adulthood its levels decline steadily by approximately 2% per year. The gender-

based differences in the levels of DHEA indicate that the hormone levels in young women

are 10 to 30% lower than in young men and are progressively decreasing with aging (154).

The pattern of age-related decline of adrenal DHEA(S) is in marked contrast with the

pattern for adrenal glucocorticoids (GCs); their levels remain unchanged or slowly in-

crease throughout the life-span (83,135). Alterations in DHEA production during aging

may, therefore, be dependent on selective changes affecting the functional cells in the zona

reticularis. Either the number of functional cells is reduced (45) or more complex func-

tional alterations take place(118). A selective decrease in the expression and activity of

CYP450c17 may also occur (82). It is particularly interesting to note that only humans and

primates show a specific age-related pattern of DHEA(S) production. The DHEA levels
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are very low in rats and mice (158), due to the absence or very low expression of the ad-
renal enzyme responsible for the conversion of pregnenolone into DHEA (CYP450c17). It
is important to consider these differences when discussing the conflicting results reported
for DHEA effects in rodents and humans. Nevertheless, rodents have been a valuable
model to study the synthesis of steroids, such as DHEA, in the central nervous system.

Biosynthetic Pathways and Enzymes in the Central Nervous System

Since the pivotal observations of Baulieu and colleagues in the 1980s compelling evi-
dence has accumulated on the biosynthesis and activity of steroids in the CNS. The
original finding demonstrated that steroids, such as pregnenolone and dehydroepiandro-
sterone (DHEA), were present in tissues from the rodent nervous system (including brain
and peripheral nerve), at concentrations exceeding their plasma levels. Furthermore, these
levels remained in the CNS for a significant amount of time (36,37,87) even after the re-
moval of peripheral steroid sources following castration or adrenalectomy. It is now clear
that steroids can be synthesized de novo in the central or peripheral nervous systems and
might accumulate in those structures independently of adrenal and gonadal sources. The
term “neurosteroids” has been used to designate steroids directly synthesized from choles-
terol in the nervous system (13).

Neurosteroidogenic enzymes include cytochrome P450 and non-P450 enzymes. The
former is found mainly in mitochondria or microsomes. The synthesis of steroids and neu-
rosteroids depends upon the tissue-specific and cell-specific synthesis of a particular array
of steroidogenic enzymes. The central nervous system is no exception because steroido-
genic enzymes are produced both in glia and in neurons. In addition, multiple glial cell
types, such as astrocytes and oligodendrocytes, can differentially express some of these
enzymes.

The immunohistochemical localization of cytochrome P-450 side chain cleavage (scc)
in rat oligodendrocytes and the observation that the enzyme was biologically active were
the first demonstrations that steroids can be synthesized within the CNS (74). Following
this fundamental discovery, subsequent intense research efforts have unequivocally estab-
lished the expression and localization of steroid synthetic enzymes in the nervous system
of mammals and other animal species (138). For a comprehensive review on the complex
biosynthetic pathways involved in the synthesis of all neurosteroids we refer the reader to
recent more comprehensive reviews (99,100). Here we will discuss the findings related to
the major enzymes involved in the synthesis of DHEA and DHEA(S), namely the cyto-
chrome P450 enzymes: P450scc and P450c17 as well as sulfatases and sulfotransferases.

Cytochrome P450scc
The cleavage of the side chain of cholesterol leading to the formation of pregnenolone

is catalyzed by an enzymatic complex composed of cytochrome P450scc (P450scc or
CYP11A1 following CYP nomenclature) which possesses á-hydroxylase activity, adreno-
doxin or ferredoxin, and adrenodoxin reductase, located at the inner mitochondrial mem-
brane. Following the initial demonstration of the presence of P450scc in the human brain
(75,76), the presence of the enzyme has been demonstrated in other vertebrates including
amphibians (101,146) and birds (145,148). P450scc has been detected in most cell types
of the nervous system such as type 1 astrocytes (98), oligodendrocytes (64), and neurons
(54,149). In developing rodent embryos P450scc is specifically expressed in cell lineages
derived from the neural crest and in sensory structures of the peripheral nervous system
(PNS) (31). Ukena et al. have shown the presence of P450scc in Purkinje cells of neonatal
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and adult rats, indicating that the gene is not only expressed in glial cells but also in
neurons (149). Kimoto et al. reported the localization of cytochrome P450scc in pyramidal
neurons and granule neurons of the rat hippocampus (68). They also observed the co-
localization of P450scc with hydroxysteroid sulfotransferase. In addition, it was shown
that the process of active neurosteroidogenesis was stimulated by glutamate NMDA ago-
nists suggesting that in hippocampal neurons neurosteroid synthesis may be stimulated
and regulated by glutamate-mediated synaptic communication (68). The distribution of
P450scc mRNA seems to be similar in brains of female and male rats (31,98). Watzka et
al. demonstrated that in human brain the levels of expression of P450scc mRNA are ap-
proximately 200 times lower in the temporal lobe, frontal lobe and hippocampus than in
adrenal tissue (156). Remarkably, they observed that during childhood P450scc mRNA
levels increased markedly in the temporal lobe reaching adult levels at puberty. In ad-
dition, P450scc mRNA is significantly higher in the temporal cortex and frontal lobe
cortex of women compared to men suggesting an age and sex dependent expression of
CYP11A1 mRNA in the human brain (19).

Cytochrome P450c17
The enzymatic system 17á-hydroxylase�17,20 lyase (cytochrome P-450c17) is respon-

sible for the formation of C-19 steroids (DHEA) from C21 steroids (such as pregneno-
lone). This reaction is catalyzed by a single microsomal enzyme coupled to a cytochrome
reductase, cytochrome P-450c17. This enzyme possesses both 17á-hydroxylase and 17,20
lyase activities. The existence of P-450c17 activity in the CNS of mammals was inferred
from the early observation that the rat brain contains high levels of DHEA (36). In the sub-
sequent years, however, the studies aimed at the direct demonstration of the presence of
the enzyme in the brain remained unsuccessful for a long time (16,75,98). In 1994, the ac-
tivity of a steroid 17á-hydroxylase enzyme was demonstrated in frog hypothalamic
explants (101). This observation provided the first evidence for the presence of P-450c17
in the CNS, while subsequent work by Compagnone et al. (32) demonstrated the presence
of P-450c17 in the rat embryo. Moreover, the enzyme has also been detected in the adult
rat brain, however, with some contradictory results. Compagnone et al. (32) suggest that
P-450c17 is expressed only in the peripheral nervous system whereas other studies have
indicated its presence also in the brain of adult rodents (138). In addition, recent data
suggest that astrocytes and neurons express P450c17 and synthesize DHEA from
pregnenolone but that its formation is inhibited in the presence of microglia (170).
Astrocytes have also the capacity to metabolize DHEA into sex steroid hormones (170,
171). It has been proposed that DHEA may be produced in the nervous system by a
chemical reaction which does not require the presence of the P450c17 enzyme and which
involves the formation of hydroperoxides. This hypothesis is based on the observation that
DHEA is formed by rat glioma C6 cells. These cells do not express the cytochrome
P450c17 after addition of FeSO4 to the culture medium (25). This observation has been
further extended by the same authors (26) using primary cultures of differentiating rat gli-
al cells. They failed to detect P450c17 protein in astrocytes, but demonstrated its presence
in oligodendrocytes. However, their results led to the proposal that in differentiating rat
brain oligodendrocytes and astrocytes DHEA is formed via a P450c17-independent and
oxidative stress-dependent alternative pathway. Kohchi et al. have investigated the
relative contributions of astrocytes, oligodendrocytes, and neurons to neurosteroidogene-
sis (69). They showed that astrocytes express cytochrome P450 side-chain cleavage
(P450scc) and 17á-hydroxylase�C17-20-lyase (P450c17) among other neurosteroidogenic
enzymes, and are able to produce pregnenolone, DHEA and other androgens and estro-
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gens. Oligodendrocytes do not appear to have P450c17 expression and are, therefore,
unable to produce DHEA. Neurons express P450scc, P450c17 and may produce DHEA.
However, the lack of the key enzyme (17â-HSD) does not allow the production of testo-
sterone. It appears evident that neurosteroidogenesis may be accomplished by the coordi-
nated contribution of different cell types in the brain. In addition, the expression of these
enzymes not only varies among cell types but can also be found in multiple locations
within the neuron. For example, P450c17 is found both in cell bodies and in fibers (axons
or dendrites) extending from the cell bodies (32). Because those fibers might make con-
nections with other neurons far from the cell body, there is a possibility that neurosteroids
might be synthesized and released in areas distant from the cell body.

Sulfatase and Sulfotransferase
The effect of pregnenolone and DHEA differ according to their conjugation with sul-

fate. For example, DHEA and DHEA(S) exert different effects on neurite growth in cul-
tures of mouse cerebral cortical neurons (33). Free steroids can readily pass the blood
brain barrier while sulfoconjugated steroids can not, thus steroid sulfation is likely to take
place in the brain. Sulfate conjugation of steroids is catalyzed by sulfotransferases or
sulfokinases, a family of cytosolic enzymes which transfer the sulfate moiety from the
universal donor molecule 3�-phosphoadenosine 5�-phosphosulfate (PAPS) to a hydroxyl
group of the steroid substrates. The cloning of human steroid sulfotransferase has revealed
the existence of multiple isoforms expressed in a tissue-specific manner with different af-
finities for various steroid substrates. The major steroid sulfotransferase involved in the
conjugation of DHEA is a member of the family of hydroxysteroid sulfotransferases
(HST) that act on primary and secondary alcohols of hydroxy-steroids such as cholesterol,
and DHEA (140,157).

Despite the evidence for its activity (116), detection of sulfotransferase in the mam-
malian brain has been problematic. More recently its activity has been directly demon-
strated in rat brain homogenates (124). The mRNA coding for the steroid sulfatase, the
enzyme which converts sulfated steroids to free steroids, has been detected in different re-
gions of the embryonic rat brain by in situ hybridization (35). Using immunocytochemi-
stry the enzyme has been localized in the frog brain (18). Finally, the presence and local-
ization of dehydroepiandrosterone sulphotransferase has been demonstrated in the adult
rat brain (2). In particular, the protein was detected in the hippocampus and dentate gyrus,
and in the large neurons of the midbrain.

The enzyme responsible for the hydrolysis of sulfated steroids leading to the formation
of unconjugated steroids is a sulfatase. In humans, the gene for steroid sulfatase was
mapped on chromosome X (5). The rat sulfatase (81) and mouse sulfatase cDNA (132)
have also been cloned. The presence of sulfatase mRNAs has been described in the cortex,
hindbrain, and thalamus of mouse fetus during the last week of gestation (35). The sites of
expression are similar to those of P450c17, suggesting that these two enzymes may have
concerted actions in similar functional processes.

NEUROCHEMICAL ACTIVITIES OF DHEA

AND RELATED NEUROSTEROIDS

The classical mode of endocrine action involves the secretion of the hormone into the
bloodstream with activity occurring at distant target cells. However, steroids that are pro-
duced within the CNS may act locally by an autocrine�paracrine mechanism. It is im-
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portant to note that this mechanism may be operative at hormone leves that are higher than
the “physiological” concentrations of circulating steroid hormones. Steroids influence cel-
lular functions traditionally by so-called “genomic actions” that involve interaction of ste-
roids with their intracellular receptors and regulation of the transcription of hormone-sen-
sitive genes.

In addition to classical genomic actions, neurosteroids are known to act in the CNS
through a series of interactions with neurotransmitter receptors and other neurochemical
pathways, all included in the definition of “membrane actions” or “non-genomic actions.”
Numerous membrane effects of steroids in the nervous system have been reported in the
past decades. They include changes in neuronal excitability, release of neuropeptides and
neurotransmitters and modulation of neurotransmitter receptors and ion channels (15,16,
133). For example, one of the best-documented effects of DHEA(S) in the CNS is related
to the modulation of the GABAA receptor complex. It was originally shown (84) that
DHEA and DHEA(S) (with DHEA(S) being 3–4 times more potent than DHEA) are neg-
ative modulators of the GABAA receptor since they non-competitively inhibit GABA-in-
duced currents in cultured rat neurons (61,84). The GABAA receptor is a member of the
ligand-gated ion channel family, and contains different subunits of the á, â, ã, and ä sub-
types each including distinct binding sites for GABA, benzodiazepines, barbiturates and
convulsants. It appears that, although no absolute specificity has been determined, the á

and ã subunits are involved in the either positive or negative neuromodulation by steroids.
The mechanism of modulation of GABAergic function by neurosteroids appears to be re-
lated to the alteration in the frequency and duration of opening of the receptor (56,57,85)
and to the modulation of desensitization kinetics of the receptor (169). More details con-
cerning the modulation of GABAA receptors by neurosteroids can be found elsewhere
(73,121).

DHEA, DHEA(S) and pregnenolone sulfate have also modulatory activity on N-me-
thyl-D-aspartate (NMDA) receptors (33,34). In particular, pregnenolone sulfate (117) acts
as a negative modulator, whereas DHEA, pregnenolone and their sulfate esters are thought
to be positive allosteric modulators of NMDA receptors. However, at variance with
GABAA receptor interactions, the interaction of neurosteroids with the NMDA receptor
has not been not conclusively documented (131).

DHEA(S) affects also sigma receptors. These receptors are present in high density in
the CNS (155), and are thought to be important functional modulators of glutamatergic ac-
tivity in the hippocampus (41,43,141,142,143). In fact, the first report of a modulatory
role of DHEA(S) on the sigma receptor demonstrated that the norepinephrine release in-
duced by NMDA in hippocampal slices was significantly enhanced by the addition of
DHEA(S) at 30 nM or higher concentrations. (108). These findings have been replicated
(20,93,94,108) in various systems and the overall data are consistent with the activity of
DHEA(S) as a ó1 receptor agonist. By this mechanism NMDA-induced neuronal excit-
ability is likely to be potentiated (42). Several studies in rodents show that GABAA ago-
nists impair learning and memory while GABAA antagonists enhance memory (29,62). It
is also known that in humans benzodiazepines may impair cognition (46,71,86). On the
other hand, ó receptor agonists enhance memory performance in young rodents and in
rodent models of cognitive impairment (89,90,92–94,136). Finally, the NMDA receptor is
involved in the development of long-term potentiation (63,127). These observations doc-
ument the ability of DHEA(S) to modulate neurotransmitter receptors in the CNS that are
primarily involved in learning and memory.
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Effect of DHEA(S) on a “Cognitive” Signal Transduction Mechanism

In all animals the processes involved in cognition and memory include the fundamental
cellular mechanisms of protein phosphorylation (103). Several studies have demonstrated
the involvement of the calcium-phospholipid-dependent protein kinase C (PKC) in the
long-term changes that reflect persistent biochemical and morphological alterations that
characterize learning and memory mechanisms (21,63,119). PKC is a multigene family of
enzymes with at least 12 different isoforms (44,114). The mechanism of its activation re-
quires the translocation of PKC from the cytosol to different intracellular sites (70) where
phosphorylation of specific substrates takes place (147). Recent studies (105,106,129)
have emphasized the role of intracellular receptor proteins for activated C kinase
(RACKs), in PKC compartmentalization. More interestingly, PKC-phosphorylating ac-
tivity appears to be impaired in brain in senescent rodents (7,8,51,97,123). However, the
important fact is that, in spite of strain-related differences in brain basal PKC activity, the
translocation process appears to be the common component of defective functional ma-
chinery in the aging brain (8,9,51,70). The results obtained from the investigation of this
matter have shown that the impaired PKC translocation associated with age-dependent
cognitive impairment could be correlated to a reduced expression of the anchoring protein
RACK-1 (9,105,106,120,130). Finally, also in Alzheimer’s disease, a neurodegenerative
condition significantly affecting cognition and memory, a reduced level of RACK-1
protein, can be observed in the brain of affected patients (10). In light of the observations
outlined above it is particularly interesting to observe that DHEA(S) can affect these
signal transduction mechanisms. In fact, we have shown that in aged rodents, treated with
DHEA for two weeks, using subcutaneously implanted osmotic pumps, the effect of
treatment was a complete restoration of RACK-1 levels to those found in young rats, both
at the protein and mRNA levels (123). It is worth noticing that the same effect on RACK-1
protein was observed in the alveolar macrophages of aged rats (39). Corsini et al. have
demonstrated (38) that age-associated immunological changes result, in part, from a de-
crease in the functional capacity of macrophages which is due to an impaired PKC translo-
cation correlated to reduced RACK-1 expression. DHEA supplementation can return the
RACK-1 levels to those observed in young animals and can also functionally rescue the
macrophage-dependent immunological function in aging rat. Overall these data indicate
that the effect of DHEA, and possibly of other neurosteroids, on the cognition and
memory in aging is exerted through the restoration of defective PKC signal transduction
machinery. In addition, the parallel effects on the immune system may bridge the pleiotro-
pic effect of neurosteroid on different age-related deficits (Fig. 2).

PRECLINICAL STUDIES IN AGED ANIMALS

Besides the clear demonstration of the biological an neurochemical activities of
DHEA(S) and other neurosteroids, key information on the cognitive effect of these mole-
cules comes from animal studies. These have been conducted mostly in rodents and the
key for the correct interpretation of the results is the identification of the behavioral test
applied. These include avoidance-based paradigms, in which animals learn a behavior to
avoid a noxious stimulus, and tests of spatial memory involving different types of mazes,
for example the Y-maze and the Morris water-maze (95). The first to show that DHEA and
DHEA(S) had memory-enhancing effects were Flood et al., who demonstrated the effect
of DHEA on the avoidance based paradigm in either young or old mice (47,48,49,128).
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The memory-enhancing effect has been replicated in a paradigm of short-term working

memory, assessed with a T-maze resulting in the observation that both DHEA and

DHEA(S), administered i.p., enhance memory (96). In another series of experiments the

administration of DHEAS, before or directly after training, enhanced memory although

the same effect was not seen if the drug was given before retention testing. This finding

suggested that DHEA(S) enhances the storage and�or consolidation of the learned ma-

terial, but does not improve retrieval (128). The memory enhancing effect of DHEA(S)

has also been confirmed in rats using behavioral tests: Morris water maze and Y maze (52).

In addition to DHEA(S), pregnenolone and its sulfate ester have been tested in a

number of cognitive tasks in rodents. Levels of pregnenolone sulfate are selectively re-

duced within the hippocampus of 2-year-old rats (151), and correlate with memory def-

icits tested in Y-maze and Morris water-maze. The memory deficits of cognitively im-

paired aged rats could be transiently corrected after either intraperitoneal or bilateral

intrahippocampal injections of pregnenolone sulfate, confirming the role of this steroid in

memory (151). The chronic administration of pregnenolone sulfate in adult male rats was

achieved by intracerebroventricular (i.c.v.) infusion using an osmotic minipump. The

effect of steroid administration was then studied on memory performances in an Y-maze

arm discrimination test. Since a “basal” level of steroids is continuously present in the

nervous system, this approach was expected to more closely approximate the physio-

logical conditions. Using a non-stressful spatial memory task in mice, the investigators

demonstrated that by chronic infusion pregnenolone sulfate has memory-enhancing ef-

fects (72).

The initial studies by Flood et al. have been extended to a different memory paradigm

by Melchior (96), and neurosteroids were shown to reduce the effect of amnestic treat-
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ments. The use of the NMDA antagonist dizocilpine in rodents induces an amnestic cog-
nition deficit that is antagonized by pregnenolone and its metabolites (30,88). In addition,
while by subcutaneous administration scopolamine dose-dependently impairs learning
during an appetite-reinforced visual discrimination task, by i.c.v. administration pregneno-
lone sulfate, dose-dependently blocked learning deficits induced by scopolamine and had
an additive memory-enhancing effect (102). The ameliorating effect of DHEA(S) in mice
treated with scopolamine can be blocked by the selective D1 antagonist NE-100 (150).
The beneficial effects of pregnenolone and DHEA(S) in mice treated with b-amyloid
protein can be prevented by haloperidol (91), suggesting a significant role of ä receptors in
the cognitive activities of these steroids.

Since the interconversion between the unsulfated and the sulfated forms of DHEA and
pregnenolone is a reversible process, sorting the significance of the sulfation in the pro-
amnestic process has been difficult. Steroid sulfatase inhibitors have been recently de-
veloped. The administration of the steroid sulfatase inhibitor p-O-(sulfamoyl)-N-tetrade-
canoyl tyramine (DU14) produced inhibition of steroid sulfatase activity and enhanced the
reversal of amnesia by DHEA(S) (80). Another steroid sulfatase inhibitor, estrone-3-O-
sulfamate (EMATE), potentiated the effect of DHEA(S) on memory retention such that
lower doses of DHEA(S) were sufficient to obtain significant effects. EMATE, adminis-
tered peripherally, potentiated the effect of centrally administered DHEA(S), but not of
pregnenolone sulfate, on memory retention (50).

Consideration should be given to the dose-dependency of the effects of steroids such as
DHEA(S). The dose needed to observe memory enhancement varied considerably be-
tween different studies making it difficult to unequivocally decide on the optimal dose-
range for this steroid. Various routes of administration have been used. In fact, effective
i.c.v. doses were often rather low while the doses given by peripheral routes (i.p. or s.c.)
varied considerably, from 0.05 to 24 mg�kg. It should be noted that the commonly used
replacement dose in elderly humans ranges from 0.5 to 1 mg�kg (see below). It is also of
interest that all dose-response studies showed an inverted U-shaped pattern for the dose-
response curve.

Summarizing the studies mentioned above, there is a substantial evidence in the liter-
ature supporting the role of neurosteroids in the maintenance of cognitive functions and
possibly in the restoration of these functions in aged animals. The most difficult task now
is to demonstrate similar results in humans and transfer the preclinical evidence into
clinical efficacy.

CLINICAL STUDIES IN HUMANS

Since many animal studies convincingly demonstrated the beneficial effect of DHEA
and DHEA(S) in preventing age-related memory deficits, many investigators have hy-
pothesized the existence of a direct correlation between degenerative changes associated
with human aging and the progressive deficit in circulating DHEA or DHEA(S). From
these speculations the idea of a “fountain of youth” has emerged and DHEA has assumed
a somewhat overstated role of a “miraculous drug” for old age (12). Given that most of the
preclinical experimental studies have been conducted in rodents, it is necessary to re-
member that rats and mice have indeed very little circulating DHEA. Thus the extrapo-
lation of data from rodents to humans is not straight forward.

In fact, several studies attempting to correlate DHEA and DHEA(S) plasma levels and
cognitive functions in elderly humans produced conflicting results. Some studies reported
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the association of cognitive deficits with either low (168) or high DHEA(S) levels (104,
110,111), while other studies did not find any correlation (6,22,27,28,78,107,110,125).
Memory and cognitive performance in healthy elderly were assessed by neuropsychologi-
cal test batteries evaluating visual memory (short- and long-term memory), verbal
memory (immediate and delayed recall), spatial memory and attention �concentration test.
The risk of cognitive decline in healthy elderly subjects was not correlated with the
DHEA(S) levels measured many years before the cognitive testing (6). In addition, the
longitudinal change in cognitive performance studied in a population of elderly women
(65 to 80 years of age) was not correlated with the changes in plasma DHEA(S) levels
(167). A cross-sectional study (27) as well as long- (107) and short-term (28) longitudinal
studies in healthy aged men and women reported no association between plasma
DHEA(S) levels and cognitive performance. Neither the rate of decline in serum
DHEA(S) concentrations in men nor the mean DHEA(S) concentrations within indi-
viduals were related to memory status or memory decline. In summary, the data described
suggest that in healthy elderly the levels of DHEA(S) do not seem to be correlated to cog-
nitive performance. The cognitive performance of patients with Alzheimer’s disease is
often evaluated using the Mini-Mental State Examination test. As for healthy elderly sub-
jects the correlation between the levels of DHEA(S) and cognitive performances are weak.
Nevertheless, interesting results have been reported concerning the pattern of decline of
DHEA and its sulfate form. A number of studies have indicated that in AD patients the
levels of DHEA(S) are lower compared to age- and gender-matched elderly control indi-
viduals (77,112,137,144,168). These observations have been confirmed in a 3-year-long
longitudinal study conducted in a 70 to 104 years old population (58). The results of this
study clearly demonstrated that plasma DHEA(S) levels were significantly lower in Alz-
heimer patients as compared to control subjects. This finding suggests that low DHEA(S)
plasma levels could be viewed as a risk factor for AD. Unexpectedly, a 6-month longitu-
dinal study found that lower plasma DHEA levels, measured in men and women with
mild-to-moderate Alzheimer’s disease, correlate with a better memory performance at the
beginning of the study (104). However, these levels were not predictive of the rate of cog-
nitive decline over time.

Since so much medical and media attention has been drawn to the alleged benefits of
DHEA(S) replacement in aging, with particular emphasis on cognition, it is important to
consider in detail the results obtained so far in clinical trials of replacement therapy (see
Table 1). The first single case study was conducted on a 47-year-old woman showing a
life-long history of specific learning disabilities and deficient levels of circulating DHEA
and DHEA(S). Chronic DHEA treatment resulted in normalization of the plasma levels of
DHEA and DHEA(S) and resulted in the recovery of some memory functions (24). More
recent clinical trials conducted by Wolf et al. did not show significant improvements. A
single oral dose of DHEA (300 mg) had no effect on performance in several tests covering
different aspects of memory, such as visual, verbal or declarative memory in healthy
young (25-years old) individuals(160). In a larger double-blind, placebo-controlled trial
involving 40 healthy elderly men and women (mean age, 69 years) psychological and
physical well-being as well as cognitive performance were assessed using several ques-
tionnaires and neuropsychological tests. DHEA replacement (50 mg daily for two weeks)
had no strong beneficial effect on any of the measured cognitive parameters with a non-
significant tendency for women toward better performance in one of six cognitive tests
(159). The same group could not demonstrate a beneficial effect of DHEA substitution on
electrophysiological indices of central nervous system stimulus (161). Related to the pos-
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TABLE 1. Summary of the main clinical studies conducted with DHEA

Method Participants Dosage regimen Outcomes Ref

Double-blind,
cross-over,
randomized,
placebo-controlled

46 healthy subjects:
25 men, 15 women.
Age range: 58–83.

DHEA: 50 mg�day for 6 weeks
2 weeks DHEA, 2 weeks
wash-out, 2 weeks placebo

No significant effects on cognitive function. Men: 6 out of 9 tests of
cognitive function better on DHEA (not significant); women: 4 out of 9
tests better on DHEA

159

Double-blind,
cross-over,
randomized,
placebo-controlled

17 men.
Age range: 59–81

DHEA: 50 mg�day for 5 weeks
2 weeks DHEA, 1 week
wash-out, 2 weeks placebo

Neuropsychological tests and tests of event-related potentials (ERPs).
No significant improvement of cognition: 4 out of 5 memory tests better
on DHEA (not significant). Significantly larger amplitude of the P3
event-related potential on DHEA

161

Double-blind:
Parallel groups
Randomized strat-
ified by age and
body mass index

81 subjects: 38 men,
37 women
Age range: 59–81

DHEA: 50 mg�day for 2 weeks;
psychosocial laboratory stressor
administered at end of 2-week
period

Neuropsychological tests. Symbol cancellation test performance of
DHEA group significantly better than of placebo group after stress

162

Randomized,
double-blind,
cross-over

46 men.
Age range 62–76

50 mg DHEA daily for 13 weeks Cognition assessed with tests of speed, attention and episodic memory.
Well-being measured with questionnaires of mood and perceived
health. No significant effects of DHEA observed on any of the trial out-
comes

152

Double-blind,
placebo-controlled
study

280 healthy subjects
(men�women). Age
range 60–79 years

DHEA, 50 mg, daily for a year Significant improvement of bone turnover, libido and skin status in
women >70 years old. No data provided on cognition

17

Double-blind, ran-
domized, cross-over
treatment study

17 subjects (men and
women) age range
45–63 years with
midlife-onset
dysthymia

3 weeks on 90 mg DHEA, 3
weeks on 450 mg DHEA, and 6
weeks on placebo

Neuropsychological tests related to depression and dysthymia scales.
Robust effect of DHEA on mood (anhedonia, loss of energy, lack of mo-
tivation, emotional “numbness,” sadness, inability to cope, and ten-
dency to worry) No effect on cognitive function or sleep disturbance

23

Double-blind
Placebo-controlled

22 patients with
major depression.
No medication on
stabilized drug
regimens

DHEA 90 mg�day for 6 weeks DHEA was associated with a significantly greater decrease in Hamilton
depression scale ratings than placebo

166



sible antiglucocorticoid action of DHEA, a beneficial effect could not be measured using
cognitive tests following a standardized psychosocial laboratory stressor (Trier Social
Stress Test; TSST) (162).

Depressed patients have been also treated with DHEA. In a study by Wolkowitz et al
(164,165) six middle-aged and elderly patients with major depression and low basal
plasma DHEA(S) levels were openly administered DHEA (30 to 90 mg�day for 4 weeks).
The treatment adequately restored circulating plasma levels observed in younger healthy
individuals. The authors observed a significant improvement in depression ratings, as well
as in some aspects of memory performance. These improvements were directly related to
increases in plasma levels of DHEA(S) and to increases in their ratios with plasma cortisol
levels. The same authors (166) subsequently performed a double-blind, placebo-con-
trolled study designed to assess possible antidepressant effects of DHEA. Twenty-two pa-
tients with major depression, taking antidepressant or not treated, were subjected to
treatment with DHEA (up to 90 mg�day) for 6 weeks. Treatment with DHEA was asso-
ciated with a significant improvement in depression scale ratings suggesting that it may
have significant antidepressant effects in some patients with major depression. Similarly, a
robust effect of DHEA on mood (anhedonia, loss of energy, lack of motivation, emotional
“numbness,” sadness, inability to cope, and tendency to worry) was observed in patients
aged 45 to 63 years with mid-life-onset dysthymia when treated for 3 weeks with
90 mg�day of DHEA (23). These results have been included in a systematic review by
Huppert and Van Niekerk for the Cochrane Database (60). The conclusion of the reviewer
indicates that the data offer no support for an improvement in memory or other aspects of
cognitive function following DHEA treatment in normal older people. Nevertheless, it is
possible that any neuroprotective effect of DHEA(S) may only be evident in the long term
trials. It is, therefore, necessary to undertake long-term trials with a sufficient number of
participants to allow the detection of the effects of DHEA, if they exist. One of the largest
trials recently completed (17) has studied the effect of a one year DHEA supplementation
in 280 healthy individuals (60 to 79 years old) in a double-blind, placebo-controlled study.
The data presented included significant improvement in aspects concerning bone turnover
in women, libido parameters and skin status. No data have yet been presented for cog-
nitive parameters. More recently van Niekerk et al. conducted a clinical trial in a
non-clinical sample of 46 men aged 62 to 76 years where the subjects were treated in a
randomized double-blind cross-over trial design with 50 mg DHEA daily for 13 weeks. A
correlational analysis of baseline behavioral data with hormonal data (controlling for age)
revealed a significant complex correlation between circadian DHEA and cortisol levels
(including ratio) and confusion, anxiety, general mood disturbance and memory perfor-
mances. However, the analysis of treatment effect revealed no significant effects of DHEA
on any of the trial outcomes (152).

Dosage Regimens in Humans and Pharmacokinetic Studies

Several pharmacokinetic studies have established the appropriate dose range for DHEA
replacement in aging. The various clinical trials (indicated above) have often used a
variable dose of DHEA, ranging from 25 to up to 450 mg�day. The human dosage varied,
however, less than in animal studies. This is probably because of the universal choice of
the oral route in human trials. Arlt et al. (3) studied the pharmacokinetics and biotransfor-
mation of orally administered DHEA in 14 healthy male volunteers to define a suitable
dose for DHEA substitution in elderly men. The levels of DHEA in the volunteers were
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below 1500 ng�mL. 50 mg DHEA increased serum DHEA(S) to the mean levels of young
adult men, whereas after 100 mg DHEA levels were supraphysiological. Arlt and co-
workers also demonstrated that blood levels of androgens remained unchanged after
DHEA administration, while the levels of estrogens significantly increased in a dose-de-
pendent manner, but still within the upper normal range for men. Legrain et al. (79) uti-
lized a pharmacokinetic study to choose the dosage regimen subsequently used in their
clinical trial (17). DHEA tablets of 50 and 25 mg were orally administered daily to 24
healthy aging men and women for 8 days. The data obtained demonstrated the reestab-
lishment of “young” levels of DHEA with both doses. Interestingly, the apparent terminal
half-life of DHEA was longer than 20 h suggesting a significant back-hydrolysis of the
large amount of DHEA(S) in vivo. Circulating testosterone and estrogens increased to
levels within the normal young-adult levels as indicated previously in the study of Arlt
et al. Other studies (4,53,109,153) substantially confirmed these data and concluded that
the optimal human dose for DHEA replacement therapy is 50 mg�day or lower.

CONCLUSIONS

The data in the literature reviewed here provide evidence that DHEA, among other
neurosteroids, have significant effects on the central nervous system. Among the several
potential effects of DHEA are those involved in the modulation of cognitive performance.
Preclinical and clinical research demonstrated a dichotomy between the measurable sig-
nificant results obtained in animals, mostly rodents, and the vague and often not signif-
icant results obtained in humans. At this stage of the research, there is a limited evidence
from controlled trials that DHEA enhances cognitive function in normal middle-aged or
elderly people as well as in individuals with dementia. The theoretical grounds for a bene-
ficial effect of DHEA on cognitive function in elderly people or people suffering from de-
mentia are persuasive. The key point, however, is the design of flawless and complete
studies toward a final clarification of the potential of DHEA in age-related cognitive de-
cline and dementia. Although these studies do not support the idea that DHEA is a cog-
nitive enhancer in healthy elderly, we need more research on demented individuals. In
such research we may detect either an improvement in performance or a reduction in the
rate of cognitive decline. A sufficiently large sample size is needed to detect changes if
they are present and, in addition, long-term treatment is required. Short-term adverse ef-
fects have not been evidenced in clinical trials so far. Nevertheless, the use of longer-term
treatments (more than 12 months) is particularly important to establish whether there are
adverse long-term consequences of treatment. Finally, it will be important to evaluate ef-
fective dosage, acceptable route and duration of administration. Although most trials have
indicated an optimal oral dosage regimen of 50 mg�day, this dose was not approved by
any government agency. DHEA is being currently sold in health food stores, particularly
in the USA. More attention should be given in the future studies to the pharmaceutical
preparation and pharmacokinetics of DHEA formulations.
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