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a b s t r a c t

Though pathobiochemical and neurochemical changes and accompanied morphological alterations in
Alzheimer dementia are well known, the triggering mechanisms, if any, remain obscure. Important factors
influencing the development and progression of Alzheimer disease include hormonal steroids and their
metabolites, some of which may serve as therapeutic agents.

This review focusses on major biochemical alterations in the brain of Alzheimer patients with
respect to the involvement of steroids. It includes their role in impairment of fuel supply and in brain
glycoregulation, with especial emphasis on glucocorticoids and their counter-regulatory steroids as
dehydroepiandrosterone and its metabolites. Further, the role of steroids in beta-amyloid pathology is
utoimmunity
poptosis

reviewed including alterations in tau-protein(s) phosphorylation. The (auto)immune theory of Alzheimer
dementia is briefly outlined, pointing to the possible involvement of steroids in brain ageing, immunose-
nescence and neuronal apoptosis. Some effects of steroids are briefly mentioned on the formation and
removal of reactive oxygen species and their effect on calcium flux and cytotoxicity.

The recent biochemical research of Alzheimer disease focusses on molecular signalling at which
steroids also take part. New findings may be anticipated when the mosaic describing the molecular

mechanisms behind these events becomes more complete.

© 2010 Published by Elsevier Ltd.
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1. Introduction
Alzheimer dementia (AD) is one of the most severe organic
psychoneurological diseases comprising as much as 60% of demen-
tia. In spite of the fact that pathobiochemical and neurochemical
changes and accompanied morphological alterations in AD are well
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nown, the triggering mechanisms, if any, remain obscure. Charac-
eristic morphological changes visible by imaging techniques show
loss of neural tissue, especially in the hippocampus as a site of

ognitive function and formation of s.c. beta-amyloid plaques.
About 10% of the causes of AD are believed to have a genetic

ackground. However, in this text we will focus only on the
patho)biochemical mechanisms with an interest in the involve-

ent of steroids. Hormonal steroids are potent regulators of many
hysiological processes and may serve as therapeutic agents (esp.
lucocorticoids) or are already in use for hormone replacement
herapy (estrogens, dehydroepiandrosterone, androgens). In addi-
ion, some metabolites of hormonal steroids or their precursor in
he biosynthetic route appeared to possess unexpected biological
ctivities, including those in the brain [1–3].

From a biochemical point of view the typical features of AD are
eneral impairment of the oxidative metabolism in brain tissues
esulting in insufficient fuel supply and consequent neurodegen-
ration. Other pathobiochemical changes in brain tissues include
he aforementioned formation of beta-amyloid plaques due to
mpaired metabolism of beta-amyloid precursor protein, abnormal
hosphorylation of tau-protein, insufficient supply of acetylcholine
o neurons, imbalance in enzymes responsible for formation and
emoval of reactive oxygen species (ROS), increased calcium flux
esulting in cytotoxic effects and lack of neurotrophic factors. Of
pecial interest are disorders of the immune system and their rela-
ion to AD pathology.

The biochemical mechanisms behind these events are in most
nstances known or are being intensively studied and in general
onsist of an alteration of signalling cascades mediating the final
iological effects. In the following text we will attempt to survey the
nown effects of steroids on the main biochemical features typical
or AD. The main sites of steroid effects on biochemical alterations
n AD are shown in Fig. 1.

. Impairment of fuel supply and the role of steroids in
rain glycoregulation

The brain is a heavy user of metabolic energy, requiring as much
s 25% of the body’s glucose supplies, whilst representing only 2%
f the body’s weight. Glucose is the main source for this metabolic
nergy [4]. There are two major points by which glucose utiliza-
ion may be affected in diseased subjects: its transport into the
ells and its mitochondrial metabolism associated with ATP forma-
ion.

One of the efficient methods for tracking glucose transport into
arious brain regions is the uptake of [18F]2-fluoro-2-deoxy-d-
lucose (FDG), as measured by positron emission tomography (PET)
5,6]. Like glucose, 2-deoxy-d-glucose and its fluorine-labelled
erivative FDG undergoes facilitated transport into the brain cells
ollowed by phosphorylation by hexokinase, but, in contrast to
lucose, metabolism does not proceed beyond phosphorylation
ecause the hydroxyl group on C-2 is crucial in the next step cat-
lyzed by phosphohexose isomerase. As a result, FDG is trapped in
he cell providing a record of metabolism.

Concerning hormonal steroids, lower estradiol levels in cere-
rospinal fluid from Alzheimer postmenopausal patients than in
ge-matched non-demented subjects correlated well with FDG
ptake, demonstrating an association between CSF estradiol con-
entration and hippocampal glucose metabolism [7]. In addition,
strogens promote mitochondrial function and so sustain aerobic

lycolysis and citric acid cycle-driven oxidative phosphorylation
nd ATP generation. These findings seemed to support the idea of
he beneficial effect of estrogen therapy in AD. However, a more
ecent report demonstrated that the estrogen effect is valid only
f neurons are healthy at the time of estrogen exposure and, in
stry & Molecular Biology 119 (2010) 97–104

advanced states of disease, estrogens may even exacerbate neu-
rological demise [8].

In addition to insulin and glucagon, glucocorticoids also play
a pivotal role in regulation of peripheral glucose mobilization
and metabolism. Their levels increase with age and they are
also associated with progression of AD, due to higher activity of
hypothalamo-pituitary-adrenal axis [9,10]. Although several ani-
mal studies have shown that hippocampal glucose metabolism is
reduced by the action of glucocorticoids and that excess glucocor-
ticoids are harmful to hippocampal neurons, only a few reports
concern their effects on the human brain. Using the [18F]FDH uptake
technique, De Leon et al. [11] demonstrated a rise in plasma glucose
levels, after administration of a pharmacological dose of hydrocor-
tisone in age-matched healthy subjects, whilst the AD group did
not show this effect. These data show that in normal individuals,
in the presence of high doses of cortisol, glucose utilization of the
hippocampus is reduced, and serum glucose levels increase. On the
other hand, more recent studies based on FED-PET [6] pointed to
glucose metabolic reductions as a hallmark of the early stages of
AD.

A number of studies addressed the function of enzymes involved
in glucose metabolism, namely glycolysis, Kreb’s cycle (tricar-
boxylic acid cycle, TCA) and oxidative phosphorylation of the
respiratory chain in AD, as compared with age-matched non-
demented subjects. The main limitation of these studies was their
restriction to post-mortem samples. Using micro-array analysis
and quantitative RT-PCR for screening gene expression profiles of
key metabolic enzyme transcripts, Brooks et al. [4] have shown
that out of 51 energy metabolism-related transcripts, 15 were sig-
nificantly down-regulated in hippocampal tissues from Alzheimer
patients. It included 3 of 14 glycolytic enzymes, 5 of 10 TCA
enzymes, 6 of 16 enzymes of oxidative phosphorylation and one
enzyme of ketone body synthesis and degradation. These data
were not fully consistent with the previous measurement of enzy-
matic activities of selected glycolytic enzymes, which differed not
only according to brain regions, but also by cell type (neurons vs.
glial cells) [12]. The activity of 6-phosphofructokinase (PFK), the
rate limiting enzyme in the glycolytic pathway, was significantly
increased in the frontal and temporal cortex and unchanged in the
other brain areas from patients with AD when compared with the
brains of the controls [13], whilst its expression was insignificantly
decreased [4]. Using a similar methodological approach, Gibson
et al. [14] demonstrated replicable reductions in the AD brain in
the pyruvate dehydrogenase complex (the link of glycolysis to the
Kreb’s cycle) [4], the alpha-ketoglutarate dehydrogenase complex
(the link of Kreb’s cycle to glutamate metabolism) and cytochrome
oxidase (the link of the Kreb’s cycle to oxygen utilization).

Cortisol and glucocorticoids, as commonly used therapeutic
agents, and dehydroepiandrosterone, known to possess various
beneficial effects on cognitive function, should be the steroids
first considered due to their effects on the enzymes of glucose
metabolism in AD.

Though cortisol and other glucocorticoids are tightly associ-
ated with various signs of AD, no unequivocal and specific effect
of these steroids on enzymes on fuel metabolism in AD was
reported. Though mostly confined to animal models, large micro-
array screening of thousands genes under glucocorticoid control
(glucocorticoid-sensitive genes) should be mentioned here, includ-
ing those of glucose metabolism [15]. These studies, however, did
not confirm a hypothesis of simple positive co-operativity between
brain ageing and increased glucocorticoid levels in AD.
Hormone replacement therapy with DHEA, with particular
respect to AD, is a frequently discussed theme [16]. It should be
emphasized that DHEA effects are very diverse and DHEA may act
at various levels. Concerning AD, both beneficial but also harmful
effects were described (see below). As carbohydrate metabolism
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ig. 1. Main sites of steroid effects on biochemical alterations in Alzheimer’s dise
recursor protein, BBB: blood–brain barrier, DHEA: dehydroepiandrosterone, DHE
rowth factor, PregS: pregnenolone sulfate, Prog: progesterone, ROS: reactive oxyge

s concerned, DHEA is a well known strong inhibitor of glucose
-phosphate dehydrogenase, one of the key cytosolic enzymes

n the pentose phosphate pathway [17], which was significantly
educed in hippocampus of AD patients [12].Generally brain oxida-
ive metabolism in Alzheimer disease is diminished. Since NADPH
s a key cofactor in the activity of many antioxidative and reduc-
ive enzymes [18], its depletion may result in an impairment of
uel utilization and consequently to onset of the disease. As for
teroid metabolism in the brain, NADPH is, among other things a
ofactor for enzyme cytochrome P7B1, abundant in brain tissues,
esponsible for 7-hydroxylation of DHEA [19]. The expression of
his enzyme in brain post-mortem tissues was decreased in AD
20]. In addition NADPH is required for reduction of cortisone to
ormonally active cortisol by 11beta-hydroxysteroid dehydroge-
ase Type I and thus for modulation of the glucocorticoid status

n tissues including brain [21,22]. Taken together, the depletion of
ADPH for these enzymatic reactions to the detriment of glucose
xidative metabolism may be one of the factors contributing to the
nset and progression of AD.

In conclusion, steroids may influence glucose supply and trans-
ort to the mitochondria of the brain cells, but this effect is different

n healthy subjects and AD. Generally, estrogens increase whilst
ortisol decreases glucose uptake. Though activity and expression
f enzymes of carbohydrate metabolism in healthy and AD sub-
ects differ considerably, the effect of hormonal and other steroids

n these events is not unequivocal or even marginal and it cannot
e decided whether the differences between Alzheimer patients
nd healthy subjects are a cause or a consequence of the disease.
n the other hand, there is increasing evidence that the previ-
usly so-called “secondary factors”, including a disturbed glucose
bbreviations: AD: Alzheimer’s disease, Allopreg: allopregnanolone, APP: amyloid
hydroepiandrosterone sulfate, E: estrogens, GC: glucocorticoids, IGF: insulin-like
ies. Symbols: beneficial effects; ambiguous effects; adverse effects.

metabolism, are also important for the onset and progression of AD
[23].

3. AD as diabetes mellitus Type III and the role of steroids

Disorders in glucose and fuel metabolism in the brain of AD
patients are intimately connected with insulin signalling. Impaired
insulin sensitivity and consequent hyperinsulinemia is a common
feature shared by Type II diabetes (DM 2) and AD. A number of
reports, such as a large population-based study in Sweden on 2322
participants, confirmed that impaired acute insulin response at
midlife was associated with an increased risk of Alzheimer disease
[24].

Since circulating insulin crosses the blood–brain barrier (BBB),
it can reach neurons and glial cells and so exert a region-specific
effect on glucose metabolism. Elevation of peripheral insulin levels,
as reflected by an increase in cerebrospinal fluid (CSF) concentra-
tion, may negatively influence neuronal function and survival as
demonstrated by the abnormal removal of amyloid beta peptide,
an increase of tau hyperphosphorylation and a general increase of
inflammatory agents in the brain [25–27]. For a recent review of
convergent mechanisms of insulin resistance occurring in DM 2
and AD see [28].

Reduced glucose utilization and deficient energy metabolism
occurring even in the early stages of the disease further point

to impaired insulin signalling in the pathogenesis of AD. Exten-
sive abnormalities in insulin and insulin-like growth factor type I
and II were found in AD patients due to their markedly reduced
expression in the central nervous system (CNS). These abnormali-
ties were associated with reduced levels of important molecules of
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nsulin signalling as insulin receptor substrate 1 (IRS 1) mRNA, IRS
-associated phosphotidylinositol 3-kinase (PI3-K), and increased
lycogen synthase kinase-3beta (GSK-3beta) activity, as well as
ith characteristic abnormalities typical for AD as reduced tau
RNA and amyloid precursor protein mRNA expression [29].
Physiological actions of insulin and hormonal steroids may

nteract in target tissues for these hormones, including those of
he brain. As for the role of steroids in insulin signalling, besides
he aforementioned effects of glucocorticoids, most information
ealt with sex steroids as potential therapeutics in elderly sub-

ects. Recent experiments have shown that low concentrations of
stradiol induce an increase in the rate of IRS-1 phosphorylation,
romote the association between IRS-1 and the subunit of PI3-K,
85alpha, cause a decrease in the rate of IRS-1 serine phosphoryla-
ion and increase the rate of Akt enzymes (serine/threonine-specific
rotein kinase family, also called protein kinases B, PKB). It suggests
he narrow interrelation between the estrogens and insulin sensi-
ivity, but relatively few studies have tried to resolve the molecular
ase of this relation in insulin-dependent tissues, particularly in the
rain [30,31].

Repeated evidence has also been presented supporting the asso-
iation of androgen deficiency in elderly men and its relationship to
etabolic syndrome and type II diabetes [32,33] and even with AD

34,35]. The molecular mechanisms behind these finding were not
nvestigated. Animal studies on rats showed that gonadal steroids

ay exert part of their neural effects through astroglia, indicat-
ng that steroids serve here for communication among cells [36].
he data concerning the association of androgen deficiency with
ognitive impairment and characteristic signs of AD and the effect
f androgen therapy were critically reviewed without unequivo-
al conclusions. Some but not all studies of androgen replacement
herapy in hypogonadal younger men, older men with late onset
ypogonadism and AD patients suggest a potential beneficial effect
n cognition; however a recent study indicated also a negative
ffect [37].

Besides hormonal steroids, insulin resistance in AD patients is
lso often associated with vitamin D deficiency, but it is rather a
ommon feature observed in the elder population; it is not only
pecific for AD [38,39].

Another characteristic feature shared by DM and AD is increased
evels of advanced glycosylation end products and their receptors,
ften accompanied by increased lipid peroxidation, which has been
etected in tissues and in the circulation [40,41]. Among steroids
ith beneficial effects on both of these undesired conditions, the
reventive effects of dehydroepiandrosterone (DHEA) and estra-
iol, both candidates for steroid replacement therapy, should be
entioned here [42–44].

. Beta-amyloid pathology and steroids

One of the typical characteristics of AD is an accumulation in the
rain of amyloid beta peptides (Abeta), forming known amyloid
laques. The production of Abeta requires two sequential cleav-
ges induced by beta- and gamma-secretases on the beta-amyloid
recursor protein (APP). An alternative cleavage pathway involves
lpha-secretase activity resulting in so-called non-amyloidogenic
PP. Altered activity of these secretases is thus involved in the
athogenesis of AD. APP is an inherent component of cell mem-
ranes, expressed in many tissues and concentrated in the synapses
f neurons. Its primary function is not known, though it has been
onsidered a regulator of synapse formation and neural plasticity

45]. The beta-secretase has been recently identified as an aspar-
ic protease named BACE1 (beta-site APP Cleaving Enzyme 1) that
nitiates Abeta formation. As the rate-limiting enzyme in Abeta gen-
ration, BACE1, in principle, is a potential therapeutic target for
trategies to reduce the production of Abeta in AD. Among the can-
stry & Molecular Biology 119 (2010) 97–104

didates for such therapy are also steroids [46,47]. In animal and in
vitro experiments estrogen was shown to induce alpha-secretase
activity via mitogen-activated protein kinases (MAP-kinase) and
phosphotidylinositol 3-kinase (PI3-K) signal transduction, thus
resulting in potential reduction of Abeta. These pathways may also
inhibit activity of another important protein involved in cell death
and tau-protein pathology, GSK3beta, mentioned previously and
also in the next chapter [48].

Cholesterol, the precursor of hormonal steroids, was shown to
be retained in the brains of AD and its impaired metabolism cor-
related with altered activities of beta- and gamma secretases [49].
Among the risk factors for development of AD is increased cortisol
levels and general dysregulation of the hypothalamo-pituitary-
adrenal axis. It was demonstrated by in vitro as well as in vivo
animal experiments that stress-level glucocorticoid administra-
tion increases Abeta formation by increasing steady-state levels of
amyloid precursor protein (APP) and BACE1. In addition, glucocor-
ticoids augment tau accumulation, indicating that this hormone
also accelerates the development of neurofibrillary tangles (see
next Chapter). It suggests that the high levels of glucocorticoids
found in AD are not merely a consequence of the disease, but
rather play an important role in the development and progression
of AD [50]. Dehydroepiandrosterone, believed now to counteract
some excessive effects of glucocorticoids, is able to prevent the
induction of beta-secretase cleavage of APP. In contrast to cortisol,
this effect was confirmed on the mRNA level of BACE1 [51]. Since
DHEA possess remarkable immunoprotective properties, among
other things it affects favourably the apoptotic cascade (see the
Chapter Autoimmune theory of AD and the role of steroids), it is
among the perspective compounds in the treatment of AD. From
this standpoint the recent findings that it is not DHEA itself, but
its 7-oxygenated metabolites that are in some instances the locally
active compounds, render them even more perspective [2,3].

Finally, as hormonal steroids concern, another risk factor in
AD development is androgen deficiency in elderly men. Low free
testosterone levels were demonstrated to be associated not only
with impairment of fuel metabolism (see the Chapter AD as dia-
betes mellitus Type III and the role of steroids), but also with Abeta
formation [52,53].

An interesting finding concerning Abeta pathology was the
favourable role of transthyretin, a minor plasma transport protein
selectively binding thyroid hormones. This protein, occurring also
in cerebrospinal fluid (CSF), binds Abeta peptides and its concen-
tration in CSF in AD patients are decreased [54]. Estrogens, at least
in animal models, increased transthyretin brain expression; this is
another example of the complex beneficial effects of estrogens as
possible therapeutics in AD [55]. Soy phytestrogen genistein, used
in hormone replacement therapy, acts similarly to estrogen [56].

5. Phoshorylation of tau-protein(s) and steroids

In addition to the formation of Abeta deposits, another char-
acteristic feature of AD is the formation of tangles of tau proteins
caused by their abnormal phosphorylation. Healthy neurons have
internal support partly made up of structures called microtubules.
Tau proteins are microtubule-associated proteins that are abun-
dant in neurons in the central nervous system. One of their main
functions is to modulate the stability of axonal microtubules, which
act like tracks, guiding nutrients and molecules from the body of
the cell down to the ends of the axon. Hyperphosphorylation or
abnormal phosphorylation of tau proteins can result in the above-

mentioned tangles [57,58].

Hyperphosphorylation of tau proteins correlates with the
abnormal removal of the amyloid beta peptide and also with
peripheral hyperinsulinemia (see the previous chapters), demon-
strating the tight interrelation among characteristic biochemical
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eatures of AD. Several kinases and their signalling cascades are
nvolved in tau protein hyperphosphorylation. To the latter belong
yclin dependent kinases involved in driving the molecular cycle,
pecifically augmented cyclin dependent kinase5 (cdk5), already
entioned GSK3beta [59], PI3-K, MAP-kinase [60,61] and a broad-

pectrum protein kinase A (PKA) enzyme, one of the first kinases
ctivated by cAMP [62]. The list of these and other kinases involved
n tau pathology was surveyed by Ferrer et al. [63,64] and Wang
t al. [65]. Out of them, GSK3beta, is believed to play a pivotal role
59].

The therapeutic potential of steroids consists in favourably influ-
ncing the activity of these enzymes or steps in their signalling
athway at various levels. Estradiol was shown to counteract
yperphosphorylation of tau proteins [66] and recent work con-
rmed that this effect was based on attenuation of GSK3beta
ctivity and later steps in its signalling [67]. Estradiol also atten-
ates the activity of PKA [68].

On the other hand, unfavourable effects on enzymes responsible
or hyperphoshorylation of tau proteins were caused by gluco-
orticoids (GC). Generally, GC augment tau accumulation [50]. In
ell-culture model GC treatment resulted in hyperphosphorylation
f human tau proteins through the cyclin-dependent kinase 5 [69].

. (Auto)immune theory of AD and the role of steroids

Many pathological features of AD outlined in the previous chap-
ers are closely linked to dysfunctions of immune system. Indeed,
he immune system utilizes the same or similar signalling routes
s do many hormones and other ligands operating through their
eceptors.

Recent findings strongly support the idea that AD is an autoim-
une disease, resulting from a breakdown of the BBB. From an

mmunological standpoint, the brain is a privileged organ and BBB
rotects it from an autoimmune attack. The possible mechanisms
ehind this were excellently reviewed by Arshavsky [70]. A brief
urvey of his thesis pointing out sites of possible steroid actions
ollows.

.1. Blood–brain barrier damage

According to one hypothesis, BBB can be damaged by activation
f the intracerebral immune system resulting in an inflammatory
rocess. The main objection is that this concept does not explain the
eason for specific degeneration of the neurons involved in mem-
ry storage, since inflammation should lead to non-specific general
egeneration.

.2. The autoimmune hypothesis of AD

The autoimmune hypothesis of AD emphasizes the key role of the
daptive immune system after BBB impairment, when blood pro-
eins including immunoglobulins penetrate into brain parenchyma
nd provoke a autoimmune reaction. In this case immunoglobu-
ins bind to antiantigens exposed on specific neurons (that is those
nvolved in memory storage) causing degeneration and death. The
utoimmune hypothesis of AD is supported by the increased migra-
ion of T lymphocytes into specific areas of the brain after BBB
amage.

.3. The synaptic plasticity hypothesis
The synaptic plasticity hypothesis of long-term memory points to
he formation of new synaptic connections resulting in formation
f new patterns of neural activity. In principle new proteins are syn-
hesized and their synthesis is regulated through various pathways,
rimarily glutamatergic receptors and signalling. The final step is
stry & Molecular Biology 119 (2010) 97–104 101

always activation of genes encoding for the synthesis of structural
proteins in both modified pre-existing synapses or the forma-
tion of new ones. The autoimmune process consists in incorrect
recognition of molecules involved in the synaptic rearrangement
as non-self antigens. These are only those molecules that would
appear after BBB formation shortly after birth and responsible for
brain immune privilege. According to s.c. genomic hypothesis, the
novel proteins which did not exist at the time when the immune
system sorted between self and non-self (immune “learning”) are
products of gene recombination, similar to the building of acquired
immunity.

A major unanswered question remains: what is the first event,
if there is one, causing the breakdown of the BBB?

Steroids are able to affect the immune or autoimmune
process and neural plasticity on several, genomic as well as
non-genomic, levels [71]. Glucocorticoids, on the one hand, and
dehydroepiandrosterone and its metabolites, on the other, influ-
ence the cytokine environment in different ways, the alteration of
which is typical for inflammation involved in the pathogenesis of
AD. Since steroid 7-hydroxylation is an important enzymatic reac-
tion occurring in primate hippocampus and reduced in Alzheimer
disease, a perspective use of 7-oxygenated DHEA metabolites
as immunoprotective agents should be emphasized here, too
[1,72–74]. In addition, both cortisol and DHEA(S) influence cellular
immunity as measured by natural killer cytotoxic activity [75,76].

In connection with 7-hydroxylation of DHEA and other C19
steroids catalyzed by cytochrome P450 enzymes, the role of
7�-hydroxylation of oxysterols should be mentioned here, too.
7�-Hydroxylation of cholesterol by the CYP71A enzyme is a rate-
limiting step in bile acid biosynthesis, which may be cytotoxic
when in excess. A recent report brought evidence of their sur-
prisingly high contents in the brain [77]. The synthesis of bile
acids is under various control mechanisms: there is negative feed-
back between their actual concentration and expression of CYP71A
[78]. Another regulatory mechanism consists in the interaction of
bile acids with macrophages through the expression and secre-
tion of inflammatory cytokines as tumor necrosis factor alpha and
interleukin-1beta, which also repress the CYP7A1 gene [79,80]. It
may also be of interest that production of 7-hydroxylated DHEA
metabolites is associated with inflammatory cytokines, as demon-
strated, e.g. by recent reports on their stimulatory effect on CYP7B1
expression in synoviocytes from patients with rheumatoid arthri-
tis [81]. Whether 7-hydroxylation represents here a protective
counter-regulatory mechanism in inflammed tissues is disputed
and this applies particularly for the brain.

6.4. Antiglucocorticoids and their possible use in AD treatment:

With respect to the unfavourable effect of glucocorticoid excess
on cognitive disorders [82], including the development of AD,
the logical question arose on the plausible effect of glucocorti-
coid antagonist(s). Since GCs mediate a number of initial events
in AD pathogenesis, GC antagonists, e.g. mifepristone (RU 486),
a potent glucocorticoid and progesterone antagonist was among
the first to be considered for treatment. Indeed, administration
of this drug leads to slowing of cognitive impairment typical for
Alzheimer patients, though the mechanism may be more compli-
cated [83]. The hippocampus, the brain structure most damaged in
AD patients, has the highest density of GC receptors in the brain,
and glucocorticoids are known to produce a variety of structural

and functional changes here. Among other changes, they down reg-
ulate GC receptors, leading to disruption in the negative feedback
loop [84]. Since mifepristone blocks the central actions of cortisol
[85], treatment of Alzheimer patients with RU 486 resulted in a
significant increase in cortisol levels [86].
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. Steroids and neuronal apoptosis

Among the principal questions posed in connection with the role
f steroids in pathogenesis and treatment of AD is their effect on
euronal survival, more concretely on neuronal apoptosis. Steroids,
rst of all glucocorticoids and its counterpart, DHEA and some of

ts metabolites and precursors are involved in multiple pro- and
nti-survival signalling pathways. Therefore it is not surprising
hat in both instances different actions have been recorded. Long-
asting exposure to glucocorticoids connected with hyperactivity
f hypothalamo-pituitary-adrenal axis is known to result in cog-
itive impairment [87,88]. Studies with animal models revealed
hat glucocorticoids can prevent, but also accelerate, neurodegen-
ration in the adult rat hippocampus. These diverse effects were
xplained by adaptive mechanisms involved in various signalling
athways [89].

In most instances DHEA and probably its locally active metabo-
ites act in brain tissues as anti-apoptocic agents taking advantage
f both genomic and non-genomic pathways. The series works
f Charalampopoulos (see, e.g. [89–91]) brought evidence for
ro-survival effects of DHEA and also estradiol in various model
ystems, consisting in its influencing of phosphorylation sig-
alling. For instance, in tissue culture DHEA induced an acute but
ransient sequential phosphorylation of the pro-survival kinases
rc/PKC(a/b)/MEK1/2/ERK1/2 which, in turn, activate transcription
actors cAMP responsive element binding protein and nuclear fac-
or kappa B which induce the expression of the anti-apoptotic Bcl-2
enes [92]. Similar results were obtained with rat-cultured neural
recursors from the embryonic forebrain where DHEA activated
erine–threonine protein kinase (Akt) in neural precursor culture,
n association with a decrease in apoptosis. It is of interest that the
ulfated form of DHEA, DHEAS, acted in the opposite way, decreas-
ng activated Akt levels and increasing apoptosis [93]. On the
ther hand, in some instances DHEA may even increase apoptosis
n neuronal tissue when deprived of trophic support, as demon-
trated in rat GT1-7 hypothalamic neurons following exposure
o DHEA [93].

Some of the other beneficial effects that steroids exert on
he genomic level include the estrogen-induced increase of the
xpression of the antiapoptotic protein Bcl-xL, as demonstrated in
ultured hippocampal neurons [94].

. Other effects of steroids on development and treatment
f AD

.1. Steroid and cholinergic system

With respect to the role of GC in the development of AD,
ne of the typical features being an impairment of choliner-
ic transmission, the question has been raised whether the
ypothalamic–pituitary–adrenocortical axis response to cholin-
rgic stimulus is blunted in patients with Alzheimer disease
AD). Peskind et al. [95] followed the cortisol response to the
holinesterase inhibitor physostigmine, but they did not find differ-
nces between Alzheimer patients and age-matched subjects. They
oncluded that the HPA axis response to physostigmine does not
ppear to reflect central cholinergic deficiency in the early stages
f AD.

.2. Steroid effects on the formation and removal of ROS
Oxidative stress is one of the earliest events of Alzheimer
isease, characterized by mitochondrial dysfunction likely due
o deficiencies in endogenous antioxidant capacity, and conse-
uent cellular damage of susceptible neurons; for reviews see, e.g.
96,97] and the literature therein. Among the protective effects of
stry & Molecular Biology 119 (2010) 97–104

estradiol is its antioxidant capacity consisting in activating antiox-
idant defense systems, scavenging reactive oxygen species and
attenuation of ROS generation [98,99]. Antioxidant properties at
least in human and rat cell culture models were also displayed
by DHEA, another candidate for steroid replacement therapy of
AD (see also previous chapters) [100]. On the other hand, glu-
cocorticoids have pro-oxidative properties. The specificity of GC
oxidative stress-induced neuronal cell death was demonstrated by
its blocking by the specific GR antagonist mifepristone (RU486)
[101].

8.3. Effect of steroids on calcium flux and its cytotoxic effects:

Disruption of cellular Ca2+ homeostasis in neurons of AD
patients leads to excitotoxicity, apoptosis and the appearance of
neurotoxic factors including reactive oxygen species (ROS), nitric
oxide (NO), and cytokines [102]. Among the underlying mech-
anisms leading to neurodegeneration is excessive activation of
glutamate receptors by excitatory amino acids including N-methyl-
d-aspartate receptors (NMDA) [103].

Both female and male sex hormones can modulate glutamate
receptors and influence calcium homeostasis at a genomic as well
as nongenomic level, see for instance [104,105].

Several steroids called neurosteroids or neuroactive steroids are
well known allosteric modulators of the GABAA receptor. Since this
receptor functions as a chloride channel, these steroids can influ-
ence Cl− influx and consequently the polarization/depolarization
of neuronal membrane. Neurosteroids are formed de novo in
the brain and they persist there after the removal of endoge-
nous sources (castration and adrenalectomy), whilst neuroactive
steroids include all natural or synthetic steroids with biological
activity in the nervous system [106].

Neurosteroids include the precursors in the biosynthetic path-
way to androgens, pregnenolone and DHEA, their sulfates and
5�-saturated metabolites of progesterone, especially 3�-hydroxy-
5�-pregnan-20-one (allopregnanolone) [107,108]. Whilst DHEA,
its sulfate and pregnenolone sulfate act as negative modulators of
ionotropic GABAA receptors, resulting in depolarization of neuronal
membrane and finally in an increase of its excitability, allopreg-
nanolone acts in the opposite way leading to a decrease of neuronal
excitability [108].

In addition, DHEA (but not its sulate) is a potent positive modu-
lator of NMDA receptors, causing an increase in Ca2+ flux [108].
In the absence of counter-regulatory mechanisms, it may even
lead to neurotoxicity. This is apparently in discrepancy with the
pleiotropic, mostly neuroprotective effects of DHEA (see previ-
ous chapters), such as its action as an agonist of sigma receptors
[109]. In our work we measured DHEA, its sulfate and also its
7-hydroxylated metabolites in the CSF of patients with AD and
vascular dementia. The concentrations of DHEA, in contrast to its
sulate and 7-hydroxylated metabolites, were significantly higher
in AD, demonstrating the accummulation of DHEA to the detri-
ment of the latter metabolites [110], believed now to be the local
neuroprotective agents [1,108].

9. Conclusion

As demonstrated, steroids, especially glucocorticoids and
DHEA(S) and its metabolites are among the important factors which
are involved in the pathogenesis of AD. With regard to the autoim-
mune theory of AD the steroids affecting the immune system and

their potential use in therapeutics are of particular importance.
The recent research of AD biochemistry focusses on molecular
signalling and the role of steroids in it. New findings may be antic-
ipated as the mosaic covering the molecular mechanisms behind it
becomes more complete.
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