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Abstract

Estradiol, in addition to its participation in neuroendocrine regulation and sexual behavior, has neuroprotective properties. Different
types of brain injury induce the expression of the enzyme aromatase in reactive astroglia. This enzyme catalyzes the conversion of testos-
terone and other C19 steroids to estradiol. Genetic or pharmacological inhibition of brain aromatase results in marked neurodegeneration
after different forms of mild neurodegenerative stimuli that do not compromise neuronal survival under control conditions. Furthermore,
aromatase mediates neuroprotective effects of precursors of estradiol such as pregnenolone, dehydroepiandrosterone (DHEA) and testos
terone. These findings strongly suggest that local formation of estradiol in the brain is neuroprotective and that the induction of aromatase
and the consecutive increase in the local production of estradiol are part of the program triggered by the neural tissue to cope with neurode-
generative insults. Aromatase may thus represent an important pharmacological target for therapies conducted to prevent aging-associates
neurodegenerative disorders.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Decreased levels of estrogen after menopause are asso-
Abbreviations: 3AP, 3-acetylpirydine; A_rKO, aromatase knock-out;  ciated with loss of cognitive skills, the progression of neu-
DHEA, dehydroepiandrsoterone; DHT, dihydrotestosterone; HRT, hor- rodegenerative disorders, increased depressive symptoms,

monal replacement therapy; NADPH, reduced nicotinamide adenine din- . . . 2
ucleotide phosphate and other psychological disturbances in woméHillit,
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Sherwin, 1999; Wolf et al., 1999 Therefore, it has been phosphate)-cytochrome P450 reductaseimpson and
proposed that estrogen replacement therapies may ameliobavis, 2001; Kamat et al., 20D2Aromatase is expressed in
rate the loss of brain function with aginG¢sta et al., 1999;  the brain Naftolin et al., 197}, where it is involved in the
Hogervorst et al., 2000; Resnick and Maki, 2001; Tsang regulatory effects of androgens, via conversion to estrogens,
et al., 2000. This proposition is supported by substan- on neural differentiation, neural plasticity, neuroendocrine
tial evidence from animal studies indicating that estradiol function and sexual behaviomvig@cLusky and Naftolin,
replacement is neuroprotective in both sexes (for recent1981; Hutchison, 1991; Lephart, 1996n this study we
reviews, seeChowen et al., 2000; Garcia-Segura et al., review evidence indicating that local estradiol formation by
2001; Green and Simpkins, 2000; Lee and McEwen, 2001; aromatase participates in the endogenous mechanisms used
Wise et al., 200l Neuroprotective properties have also by the brain to cope with neurodegeneration.
been ascribed to estradiol precursors such as pregnenolone
(3B-hydroxy-5-pregnen-20-one), dehydroepiandrosterone
(DHEA, 3a-hydroxy-5-androstene-17-one) and testos- 2. Aromatase expression isinduced after brain
terone. However, the results of several studies in humansinjury
have shown that hormonal replacement therapy (HRT) with
estradiol and progesterone has no positive effect for neu- In teleost fishes aromatase is expressed in neurons
rodegenerative diseases or stroke and even may have a nedGelinas and Callard, 199as well as in radial gliaorlano
ative impact on cognition in postmenopausal women with et al., 2001; Menuet et al., 203inder normal conditions.
Alzheimer’s diseaseShaywitz and Shaywitz, 2000; Fillit, = Furthermore, aromatase is expressed in both neuronal and
2002; Azcoitia et al., 2003a; Wise, 2003 herefore, it is glial cells in primary cultures of developing zebra finch
necessary to establish alternatives to HRT. One possibility telencephalon §chlinger et al., 1994, 1995In contrast,
is to increase local estrogen synthesis in the brain and notaromatase is expressed exclusively by neurons under nor-
in other organs, to avoid health risks associated to periph-mal conditions in the central nervous system of mammals
eral actions of estradiol and to avoid the potential negative (Negri-Cesi et al., 1992; Naftolin, 1994; Lephart, 1996;
effects of progestagens in the brain. However, the potential Balthazart and Ball, 1998 These neurons are mainly lo-
neuroprotective role of endogenous estradiol formation hascalized in the lateral septal region, the bed nucleus of the
been largely neglected. stria terminalis, the amygdala, several hypothalamic nuclei,
Testosterone and other C19 steroids are converted tothe medial preoptic area, the nucleus accumbens and sev-
estradiol by aromataseFig. 1), an enzyme that consists eral regions of the cortex, especially in the piriform lobe
of two components: a cytochrome P450 (P450 aro), the (Balthazart et al., 1991; Jakab et al., 1993, 1994; Foidart
product of thecypl9 gene, and the ubiquitous flavopro- et al., 199%. Aromatase immunoreactivity has not been ob-
tein NADPH (reduced nicotinamide adenine dinucleotide served in glial cells in the rodent brain in vivo under normal
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Fig. 1. Estradiol biosynthesis in the central nervous system. Cholesterol is converted to pregnenolone, catalyzed by the cytochrome P4%0 side-chai
cleavage (P450 scc). Pregnenolone is then converted to progesterone, catalyzed Byhytaeo8y-steroid dehydrogenasep¢(BiSD). Pregnenolone

and progesterone can be further converted, via 17-hydroxy-pregnenolone and 17-hydroxy-progesterone, respectively, to dehydroepiaaddosterone
androstenedione. These conversions are catalyzed by théydfoxylase/C17-20-lyase (P450 c17). Then, thg-hydroxylase/C17-20-lyase (B7HSD)

catalyzes the conversion of DHEA in androstenediol and the conversion of androstenedione in testosterone. Androstenediol is convertemrie testoste
by the 3-HSD. Androstenedione and testosterone can be converted to estrone and estradiol, respectively, by aromatase (P450 aro).
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circumstances. However, rodent astrocytes isolated from theand in all injured brain areas, including the cortex, corpus
cerebral cortex of neonatal rats express aromat@seif callosum, striatum, hippocampus, thalamus and hypotha-
et al., 1997; Zwain and Yen, 19904t is possible that spe- lamus Garcia-Segura et al., 19993, his indicates that
cific culture conditions may induce aromatase expression astrocytes from most brain areas have the potential for ex-
in astrocytes. Indeed, recent resukgdoitia et al., 2003p pressing aromatase, and therefore to produce estradiol, in
indicate that stressful conditions, such as serum deprivation,response to injury. Furthermoreeterson et al. (200have
induce aromatase expression in cultured astrocytes. Furthershown that in the zebra finch brain aromatase mRNA and
more, different forms of neurotoxic and mechanical lesions protein are rapidly and locally upregulated in glia following

in the brains of rats and mice increase aromatase activityneural injury. This finding suggests that injury-dependent
and induce de novo expression of the enzyme in reactiveupregulation of aromatase may be a conserved character-
glia (Garcia-Segura et al., 1999%,he morphology and  istic of the vertebrate brain and an important component
ultrastructure of aromatase-immunoreactive glial cells, to- of the initial response of neural tissue to injufiyeterson
gether with the co-expression of the astroglial marker GFAP, et al., 200).

indicate that most, if not all, aromatase-expressing glial The increased expression of aromatase in injured brain
cells are astrocytes-{g. 2). The induction of aromatase ex- areas Garcia-Segura et al., 1999aeterson et al., 2001
pression in astrocytes after a brain lesion was accompaniedsuggests that this enzyme may be involved in the protection
by a significant increase in aromatase enzymatic activity. of nervous tissue by increasing local estrogen levels. Estro-
Aromatase-expressing astrocytes are observed in both sexegen formed by astrocytes may be released as a trophic factor

Fig. 2. Induction of aromatase in the cerebral cortex of a male mouse after a cryogenic lesion: (a) low magnification showing aromatase imnynoreactivi
in the injured cortex; (b) high magnification showing that aromatase immunoreactivity is present in reactive astrocytes. Scale bam({abpB0u.m.
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for damaged neurons and be involved in the compensatorycates that aromatase deficiency increases the vulnerability
restructuring of injured brain tissue. Thus, estrogen releasedof hilar neurons to neurotoxic degeneration.

by astroglia may affect synaptic function, selective regener-

ation of neuronal processes and local cerebral blood flow, 3.2. Systemic aromatase inhibition enhances

contributing to facilitation of neuronal recovery and reduc- neurodegeneration in the hippocampus

tion of neuronal death.

A further proof of the neuroprotective role of aromatase
has been obtained in intact male rats that were implanted

3. Aromatase is neuroprotective with an osmotic minipump containing the aromatase in-
hibitor fadrozole Azcoitia et al., 2001 Kainic acid, a

3.1. Aromatase-deficient mice are more susceptible to well-characterized neurotoxin for hilar neurons in the rat

neurodegeneration in the hippocampus (Buckmaster and Dudek, 199%vas administered at a low

dose that does not affect hilar neurons in intact male rats,

Systemic administration of domoic acid in mice results but results in significant neuronal loss in the hilus of cas-
in neurodegenerative damage in the hippocampal formationtrated rats Azcoitia et al., 1999 As expected, the number
(Strain and Tasker, 1991The neurodegenerative effects of Of hilar neurons was not affected by kainic acid in control
domoic acid are mediated by an increase in intracellular cal- @animals that were not treated with fadrozole. Furthermore,
Cium, as well as by an increased release of g|utamate thatfadr020|e alone did not affect the number of hilar neurons,
results in the activation of NMDA receptor8érman and indicating that fadrozole is not neurotoxic by itself. How-
Murray, 1997; Nijjar and Nijjar, 2000 The administration ~ €ver, animals that were treated with both fadrozole and
of domoic acid has been used to assess the effect of arokainic acid had a Significant decrease in the number of hilar
matase deficiency in neurodegeneratibig(3). Aromatase neurons compared to animals treated with vehicle, to ani-
knock-out (ArKO) male mice and their wild type male lit- mals treated with kainic acid alone and to animals treated
termates were injected with a low dose of domoic acid that With fadrozole aloneAzcoitia et al., 200} The loss of hi-
does not induce neurodegeneration in the hippocampus oflar neurons was accompanied by an increase in the number
normal mice. The number of neurons was then assessed irPf neurons stained with Fluoro-Jade, a marker of dying cells
the hilus of the dentate gyrus using unbiased morphometric (Schmued et al., 1997Fig. 4). These findings further sup-
techniquesAzcoitia et al., 2001 The number of hilar neu-  Port the results obtained with the ArKO mice and confirm
rons was not significantly different between ArkO mice and that aromatase is neuroprotective against excitotoxicity.
their wild type littermates, indicating that aromatase defi-
ciency does not affect the development and survival of hilar 3.3. Aromatase is neuroprotective in a model of
neurons, at least in young adult animals. However, the num- cerebellar ataxia
ber of hilar neurons in ArKO mice injected with domoic
acid was significantly decreased compared to control ArKO  The neuroprotective effect of aromatase has been also as-
mice, to wild type controls and to wild type mice injected sessed in a model of cerebellar ataxia produced by the de-
with domoic acid Azcoitia et al., 2001 This finding indi- generation of rat inferior olivary nucleus after treatment with

vehicle

~ domoic acid

Fig. 3. Nissl-stained neurons in the hilus of the dentate gyrus of aromatase knock-out (ArKO) and wild type male mice injected with vehicle or with a
low dose of the neurotoxic domoic acid (i.p., 0.5mg/kg bw). The low dose of domoic acid did not affect hilar neurons in wild type mice but caused a
significant neuronal loss in the aromatase-deficient mice. Scale bam50
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Fig. 4. Hilus of the dentate gyrus of male Wistar albino rats treated with: (a) vehicle; or (b) the aromatase inhibitor fadrozole (4.16 mg/ml}teshd injec
with a low dose of the neurotoxic kainic acid (i.p., 7mg/kg bw). The low dose of kainic acid did not affect hilar neurons in rats treated with vehicle,
but increases labeling with Fluoro-Jade, a marker of dying cells, in rats treated with the aromatase inhibitor. (c) High magnification of thenailus of t
dentate gyrus of a rat treated with fadrozole and kainic acid showing Fluoro-Jade stained neurons. Scale bar: (a aod;Hcp60wm.

3-acetylpirydine (3AP), an antimetabolite of nicotinamide. with 3AP (Sierra et al., 2003aAnimals were castrated to
Olivary neurons have a very high metabolic rate and are, reduce plasma testosterone levels and, therefore, to reduce
therefore, very sensitive to 3AP toxicity. The destruction of the formation of estradiol from its circulating precursor.
the inferior olive results in loss of climbing fiber input to Immediately after castration, animals were implanted with
cerebellar Purkinje neuron8éetens et al., 1982and this a silicone tube that was either empty or filled with estra-
deafferentiation leads to ataxikgrnandez et al., 1999 diol. One week later, animals were injected with 3AP. The
Inferior olivary neurons express aromataSée(ra et al., toxicity of 3AP was qualitatively assessed by Nissl-staining
20033 and estrogen receptorStughrue et al., 1997and and by a semi-quantitative analysis of neurons stained with
their activity is affected by estradioBmith, 1998. The ac- Fluoro-Jade, a marker of dying celSdhmued et al., 1997)
tion of estradiol in this nucleus may be important for the Furthermore, the number of surviving inferior olivary neu-
maintenance of motor function that is under the control of rons was assessed by unbiased morphometry using NeuN,
olivo-cerebellar system. Indeed, postmenopausal women re-a specific neuronal markeMgllen et al., 1992 Admin-
ceiving estrogens have a decreased risk of falling and bet-istration of 3AP resulted in a significant loss of NeuN
ter postural balance than non-estrogen useeeésen et al., immunoreactive neurons in the inferior olivary nucleus.
1997; Randell et al., 2001 The neuronal loss was prevented by estradiol treatment.
The effect of estradiol administration on the survival of Furthermore, estradiol decreased the number of Fluoro-Jade
inferior olivary neurons was assessed in male rats treatedstained cells in the inferior oliveSjerra et al., 2003aln
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Fig. 5. Inferior olivary nucleus from male rats treated with: (a) vehicle; or (b) the aromatase inhibitor fadrozole (4.16 mg/ml) and the neurotoxic
3-acetylpirydine (3AP: 30 mg/kg). 3AP did not affect inferior olivary neurons in the rats treated with vehicle, but resulted in a massive nesrional los
the rats treated with the aromatase inhibitor.

conclusion, estradiol administration to castrated males re-activity is not indispensable to maintain hilar neuron sur-

sulted in a significant protection of inferior olivary neurons vival under normal circumstances. However, animals that

against 3AP. were treated with both fadrozole and kainic acid showed
Having determined that exogenous estradiol was neuro-a significant decrease in the number of hilar neurons com-

protective for inferior olivary neurons, the next question was pared to animals treated with vehicle, to animals treated

to determine whether endogenous estradiol formation waswith kainic acid alone and to animals treated with fadrozole

neuroprotective as well. The inhibition of aromatase with alone @zcoitia et al., 2001 This finding indicates that

fadrozole enhanced the injury produced by 3AP in the in- brain aromatase is neuroprotective.

ferior olive of intact male ratsHig. 5). Fadrozole treat-

ment decreased the number of NeuN-expressing neurons tha8.5. Estradiol synthesis mediates neuroprotection by

survived to 3AP and increased the number of Fluoro-Jade aromatase

stained dying cellsSierra et al., 2003a Therefore, aro-

matase is neuroprotective for inferior olivary neurons. To determine whether the formation of estradiol is in-
volved in the neuroprotective effect of aromatase, male rats
3.4. Brain aromatase is neuroprotective were treated with fadrozole, kainic acid and estradiol. Estra-

diol treatment prevented the neurodegenerative effect of

The studies mentioned above, on ArKO mice and on kainic acid in animals treated with fadrozole. The number
rats after systemic administration of the aromatase in- of hilar neurons in animals treated with fadrozole, kainic
hibitor fadrozole, indicate that aromatase is neuroprotective. acid and estradiol was not significantly different from con-
However, these studies did not differentiate between braintrol animals and was significantly higher than in animals
aromatase and the peripheral enzyme. To test the role oftreated with fadrozole and kainic aciél{coitia et al., 200L
local brain aromatase activity in neuroprotection, the aro- This finding, showing that the neurodegenerative effect of
matase inhibitor fadrozole was infused into the right lateral aromatase deficiency is counterbalanced by the aromatase
cerebral ventricle of a group of male rat&z¢oitia et al., product estradiol, strongly suggests that the neuroprotective
2007). Fadrozole was administered at a concentration within properties of aromatase lies in its ability to catalyze the for-
the range previously shown to inhibit aromatase in the rat mation of estradiol rather than reducing testosterone levels.
brain Bonsall et al., 1992; Clancy et al., 1995; Vagell and A similar conclusion has been obtained in the inferior oli-
McGinnis, 1997. The number of hilar neurons in the left vary nucleus$ierra et al., 2003aThe neuronal loss induced
hippocampal formation was assessed after an injection ofby the aromatase inhibitor fadrozole in the inferior olivary
a low dose of kainic acid that does not induce neurodegen-nucleus of male rats treated with the neurotoxic 3AP is
eration in intact males. Indeed, the number of hilar neurons reverted by estradioHjerra et al., 2003aThis indicates that
was not affected by this low dose of kainic acid in control the toxic effect of fadrozole is due to the inhibition of aro-
animals. Furthermore, the infusion of fadrozole in the cere- matase and not to another unknown effect of the drug. There-
bral ventricle did not affect the number of hilar neurons in fore, we may conclude that estradiol formation also medi-
control animals. This is a further indication that aromatase ates the neuroprotective effect of aromatase in this model.
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4. Aromatase is involved in neuroprotection by sex
steroid precursors

4.1. Neuroprotection by testosterone is abolished by
aromatase inhibition

Recent studies have shown that the hippocampal hilar
neurons of castrated male mice are more sensitive to do-

Neurobiology 71 (2003) 3141 37

in this experimental model via conversion to estradiol
(Azcoitia et al., 200} This finding gives additional support

to the idea that aromatase plays a role in neuroprotection
by promoting the formation of estradiol (s&ection 3.5.

4.2. Neuroprotection by sex steroid precursors
is abolished by aromatase inhibition

moic acid-induced degeneration than the hilar neurons from The sex steroid precursors pregnenolone and DHEA have
intact males Azcoitia et al., 200). This was observed us- neuroprotective properties. Pregnenolone reduces neuronal
ing a low dose of domoic acid that does not affect hilar death in brain cell culturesBploga et al., 198/and pro-
neurons in intact animals. However, the same low dose of tects mouse hippocampal HT-22 cells against glutamate
domoic acid is able to induce significant neuronal loss in and amyloid-beta protein toxicityGursoy et al., 2001
mice with reduced androgen levels as a result of castration,In vivo, pregnenolone protects hippocampal neurons from
indicating that physiological levels of testicular secretions kainic acid toxicity {/eiga et al., 2008 Furthermore, preg-

are neuroprotective. Furthermore, testosterone replacemenhenolone and its sulfate derivative enhance memory and

prevents domoic acid-induced neuronal loss, indicating that

cognitive function in different animal model&lpod et al.,

this estradiol precursor and substrate of aromatase protect4992; Vallée et al., 1997, 2001; Darnaudery et al., 2G0®@

hilar neurons from neurotoxic insults in vivo. Testosterone
promotes neuroprotection in other experimental models as
well. The hormone promotes the survival of specific neu-
ronal populationsYu, 1982; Jones, 1994; Perez and Kelly,
1996; Rasika et al., 1999nduces motor axon regeneration
in axotomized motoneuronj, 1982; Jones, 1994; Perez
and Kelly, 1996, prevents the hyperphosphorylation of the
microtubule-associated protein taRafpasozomenos, 1997
which is abnormally hyperphosphorylated in Alzheimer’s
disease, reduces neuronal secretion eémyloid pep-
tides associated with Alzheimer’s diseasgo(ras et al.,
2000, attenuateg@-amyloid toxicity (Pike, 200}, protects

increase neurogenesis in the adult rat hippocamplas/¢

et al., 200). DHEA has been shown to protect cells of the
clonal mouse hippocampal cell line HT-22 against the exci-
tatory amino acid glutamat€@rdounel et al., 1999as well

as primary hippocampal cultured neurons against the neu-
rotoxic actions of AMPA and kainic acidKfmonides et al.,
1998. In vivo, DHEA protects hippocampal pyramidal
neurons against unilateral infusions of NMDKifhonides

et al., 1998 or systemic administration of kainic aciddiga

et al., 2003. DHEA and its sulfate derivative have been
shown to protect neurons from other degenerative stimuli
as well, including neurotoxic effects of corticosterone, ox-

granule neurons of the dentate gyrus from adrenalectomyidative stress, ischemia and amyloid-beta protein toxicity
(Frye and McCormick, 2000and decreases apolipoprotein (Bologa et al., 1987; Kimonides et al., 1999; Bastianetto

E4-induced cognitive deficit®@ber et al., 2002Part of the

et al., 1999; Cardounel et al., 1999; Lapchak et al., 2000;

neuroprotective properties of testosterone may be the resultkaasik et al., 2001, Li et al., 2001; Tomas-Camardiel et al.,

of the activation of androgen receptofgh{bom et al., 2001;
Hammond et al., 2091 However, in the case of protection

2002. Furthermore, DHEA displays memory-enhancing
properties Flood et al., 1992; Vallée et al., 200&nd in-

of hilar neurons against domoic acid, dihydrotestosterone creases adult neurogenesis in the hippocampus of rodents
(DHT), a 5x-reduced metabolite of testosterone that acts on (Karishma and Herbert, 20D2
androgen receptors, is not protectivezoitia et al., 200} Pregnenolone and DHEA may exert their neuroprotective
Interestingly, DHT is not ‘aromatizable’ to estradiol. This actions by several mechanisms. These may include antiox-
suggests that the neuroprotective effect of testosterone inidative effects Aragno et al., 200)) the rapid modulation
this experimental model may be due, at least in part, to its of GABAA, NMDA and sigma 1 receptor$\(u et al., 1991,
conversion to estradiol by the enzyme aromatase. Irwin et al., 1992; Majewska, 1992; Bergeron et al., 1996;
To directly assess whether the neuroprotective effect of Maurice et al., 2001 the down-regulation of glucocorticoid
testosterone depends on its aromatization to estradiol, casteceptors Cardounel et al., 1999the regulation of protein
trated male rats were treated with kainic acid in the presencekinase C signalingRacchi et al., 200lor the modulation
or absence of the aromatase inhibitor fadrozéecpitia of reactive astroglia and reactive microgli@drcia-Estrada
et al.,, 200). Animals were treated with a dose of kainic et al., 1999; Wang et al., 20RIFurthermore, pregnenolone
acid that causes neurodegeneration in the hilus of the den-s able to bind to microtubule-associated protein 2 and to
tate gyrus QAzcoitia et al., 1999g Kainic acid resulted in  stimulate microtubule assembly(rakami et al., 2000;
significant neuronal loss in the hilus of castrated male rats Plassart-Schiess and Baulieu, 2Cnd therefore may ex-
compared to animals treated with vehicles. Testosteroneert effects on the neuronal cytoskeleton.
administration prevented the neurodegenerative effect of In addition, neuroprotective effects of pregnenolone and
kainic acid, confirming the finding obtained in mice. How- DHEA may be in part mediated by their conversion to testos-
ever, fadrozole prevented neuroprotection by testosteroneterone and its consecutive aromatization to estradiol. To de-
suggesting that testosterone exerts neuroprotective effectdermine whether the conversion of pregnenolone and DHEA
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into estradiol is involved in the mechanism of neuroprotec- tion, since castration increases vulnerability to neurotoxins
tion of these steroids, castrated male rats were implanted(Azcoitia et al., 1999a, 2001 Ovarian hormones are also
with osmotic minipumps filled with the aromatase inhibitor important for neuroprotection in females, since vulnera-
fadrozole Yeiga et al., 2008 The administration of fadro-  bility to neurotoxins is increased by ovariectomy and is
zole prevented the neuroprotective effects of pregnenoloneaffected by the fluctuation of ovarian hormones during the
and DHEA against kainic acid. The effect of fadrozole was estrous cycleAzcoitia et al., 1999a Whether, in addition
observed using high doses (100 mg/kg) of the sterdidiga to peripheral estrogens, local estradiol formation in the
et al., 2003. This finding suggests that estradiol formation brain plays a neuroprotective role in females is unknown.
by aromatase may mediate neuroprotective effects of preg-It should be noted, however, that aromatase expression is
nenolone and DHEA against excitotoxic-induced neuronal induced in the injured brain in both sexeSgfcia-Segura
death in the hippocampus of adult male rats. Therefore, theet al., 1999 suggesting that brain aromatase may also
aromatization of steroid precursors to estradiol may be part play some neuroprotective or reparative role in females.
of an endogenous mechanism activated in the brain tissue
to cope with neurodegeneration. This conclusion does not
exclude alternative or complementary mechanisms for the 6. Therapeutic perspectives: neuroprotection
neuroprotective effects of pregnenolone and DHEA, includ- and brain aging
ing the formation of 7-hydroxylated metabolites of DHEA
(Jellinck et al., 2001 The studies reviewed in this paper suggest that the endoge-
nous response of neural tissue to cope with neurodegenera-
tive insults may include the induction of aromatase and the
5. Isthe brain or the periphery the source of consecutive increase in the local production of estradiol. Lo-
substrates for brain aromatase? cally formed estradiol may act on estrogen receptors, which
are known to mediate neuroprotection by estradiol in several
A question that is still unsolved is whether the nervous experimental models in vivaAzcoitia et al., 1999b; Sawada
tissue may be a source of substrates for brain aromataseet al., 2000; Veliskova et al., 2000; Wilson et al., 2000; Wise
Pregnenolone is synthetized in the central nervous systemet al., 200). In addition, aromatase may also promote neuro-
from cholesterolBaulieu et al., 2001; Kimoto et al., 20p1 protection by increasing local estradiol concentration to lev-
Furthermore, glial cells, at least in vitro, may convert preg- els compatible with the antioxidant neuroprotective effects
nenolone to DHEA and may then metabolize DHEA to of the moleculeBehl and Holsboer, 1999Since aromatase
testosteroneZwain and Yen, 1999a)b There is also ev- is expressed in the adult human brain, including the hip-
idence that the brain is able to form testosterone in vivo pocampus$asano et al., 1998; Stoffel-Wagner et al., 1999;
(Stoffel-Wagner et al., 1999; Stoffel-Wagner, 200dnd Stoffel-Wagner, 200y this enzyme may represent a new
that neural injury enhances local brain steroidogenetis ( molecular target for the therapy or prevention of neurode-
Michele et al., 2000; Lang, 2002; Sierra et al., 200Btow- generative diseases, such as Parkinson’s and Alzheimer’'s
ever, it is still unknown whether local formation of testos- diseases and other aging-associated brain neurodegenerative
terone in the brain is of a significant amount to be relevant disorders. In this regard, it is important to note that estro-
for neuroprotection. Furthermore, evidence for conversion gen is decreased in the cerebrospinal fluid of women with
in the brain of androgen precursors, such as pregnenoloneaging (Murakami et al., 1999 probably reflecting a de-
or DHEA, to testosterone is still incomplete. Data obtained crease in local cerebral levels of the hormone. Furthermore,
in vitro (Zwain and Yen, 1999a;bJellinck et al., 2001 estrogen is decreased both in plasma and the cerebrospinal
cannot be directly extrapolated to the real situation in vivo, fluid of women with Alzheimer’s diseaseM@nly et al.,
since culture conditions can produce spurious upregulation2000; Schonknecht et al., 2005kuggesting that aromatase
of steroidogenic enzymes. A complete mapping of steroido- activity or expression may be decreased in these patients.
genic enzymes in the central nervous system, under normal The role of brain aromatase in neuroprotection calls for
and pathological conditions, is still lacking. the development of new therapeutic strategies aimed at the
Further studies should examine the neuroprotective role upregulation of the enzyme in the brain without affecting its
of aromatase substrates formed directly in the brain. So far, expression in other tissues. Considering the possible health
studies that have shown that aromatase is neuroprotectivaisks of HRT, the regulation of local brain estradiol synthe-
have been performed on males with intact gonads or in sis may offer an interesting therapeutic alternative for neu-
castrated males that have received testosterone replacemembprotection. Since the expression of the human aromatase
therapy or have been treated with testosterone precursorsgene,cypl9, in the various tissues is regulated by the use
such as pregnenolone and DHEA. Therefore, these animalsof tissue-specific promoters, that are regulated by different
have plasmatic sources of substrates for aromatase and naranscription factors and signaling pathwagnjpson and
much can be inferred from these studies on the role of sub-Davis, 2001; Kamat et al., 20D 2t is possible to envisage the
strates formed locally in the brain. Furthermore, it is clear development of selective aromatase modulators, specific for
that testicular secretions are important for neuroprotec- brain tissue. Further studies are necessary to determine how
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aromatase expression is regulated in the brain and whetheBerman, F.W., Murray, T.F., 1997. Domoic acid neurotoxicity in cultured
brain aromatase activity or expression is affected with ag-  cerebellar granule neurons is mediated predominantly by NMDA

ing, or under neurodegenerative conditions, in humans receptors that are activated as a consequence of excitatory amino acid
' ' ' release. J. Neurochem. 69, 693-703.

Bologa, L., Sharma, J., Roberts, E., 1987. Dehydroepiandrosterone and
; i Ifated derivative reduce neuronal death and enhance astrocytic
Note added in proof fts sulfated derivativ )
P differentiation in brain cell cultures. J. Neurosci. Res. 17, 225-234.
A recent study has shown that aromatase contributes toBonsall. R.W., Clancy, A.N., Michael, R.P., 1992. Effects of the

ischemic neuroprotection in female micMc(CuIIough etal non-steroidal aromatase inhibitor, Fadrozole, on sexual behavior in
2003 . male rats. Horm. Behav. 26, 240—254.
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