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Abstract

An alternative pathway for dehydroepiandrosterone (DHEA) synthesis has been suggested by treating rat and human brain cells with
ferrous sulfate and�-amyloid (A�). To determine if this pathway exists in human brain, levels of DHEA in hippocampus, hypothalamus
and frontal cortex from Alzheimer’s disease (AD) patients and age-matched controls were measured. DHEA is significantly higher in AD
brain than control, and was highest in AD hippocampi. Cytochrome P450 17�-hydroxylase, responsible for peripheral DHEA synthesis,
is not present in hippocampus. DHEA levels in AD cerebrospinal fluid (CSF) were significantly higher than age-matched controls. AD
serum DHEA levels are lower than CSF, and not significantly different from controls. Treatment of control hippocampus, hypothalamus
and serum with FeSO4 increases DHEA, suggesting that levels of precursor are higher in control that in AD brain. This suggests that (i)
an alternative precursor is present in control brain, (ii) AD brain DHEA is formed by oxidative stress metabolism of precursor, and (iii)
CSF DHEA levels and serum DHEA formation in response to FeSO4 may serve as an indicator of AD pathology.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

3�-Hydroxy-5-androsten-17-one (DHEA) is a major
adrenal steroid in humans[31]. Peripheral levels peak early
in adulthood and gradually decline with aging[2,31]. The
role of DHEA in the periphery is not well established, but
it may serve as a precursor for androgens. Levels of DHEA
in the brain exceed those seen in the periphery, and are
maintained after the removal of peripheral steroidogenic
endocrine glands[1,14]. DHEA and its sulfated form are
considered neuroactive because they affect the GABAA
receptor complex and NMDA-mediated glutamate transmis-

Abbreviations: DHEA, 3�-hydroxy-5-androsten-17-one or dehydro-
epiandrosterone; P450c17, cytochrome P450 17�-hydroxylase; A�,
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ROS, reactive oxygen species; CSF, cerebrospinal fluid
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sion via sigma receptors[5,26]. DHEA and DHEA sulfate
also modulate learning and memory[3,15]. While the role of
DHEA as a neurosteroid is well established[4], the mecha-
nism by which DHEA is produced in the brain has been de-
bated. Evidence for the existence of active cytochrome P450
17�-hydroxylase (P450c17), the peripheral enzyme that cat-
alyzes the formation of DHEA in the adrenal gland, has been
contradictory. One group of investigators have provided
some evidence for the expression of P450c17 mRNA early
in development[13], but were not able to detect message in
the adult rodent[29]. Another report describes the presence
of P450c17 mRNA in the adult rodent[35], but evidence for
either protein or enzymatic activity has not been forthcom-
ing [11,24]. The presence of a P450c17-independent path-
way for DHEA synthesis in rat brain extracts[32] and in rat
and human cells[8,11,12] was recently demonstrated. In-
tracellular levels of reactive oxygen species (ROS) induced
by treatment with ferrous ions or�-amyloid peptide (A�)
regulate this pathway[8] by acting on an as yet unidentified
precursor, probably a C-17 or C-20 oxygenated steroid[12].

Recent evidence suggests that inflammation and the
production of free radicals may play a large role in the
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pathogenesis of Alzheimer’s disease (AD)[27]. Increased
lipid peroxidation and mitochondrial energy metabolism
defects are now known to be hallmarks of the disease[27].
A�, a major component of AD neuritic plaques[20], in-
creases free radicals in neurons[28,30,36] and glia [8],
and directly produces hydrogen peroxide through metal ion
reduction [19]. Application of A� in vitro causes an in-
crease both in ROS and DHEA in human glioma cells; this
increase can be blocked by co-treatment with Vitamin E[8].

There has been much speculation on the role of DHEA in
aging [2,31]. Although serum DHEA levels decrease with
age in the human there are no available studies on the levels
of DHEA in the brain. A number of groups have tried to
correlate serum levels of DHEA and DHEA sulfate with
cognitive function[17,37,38]or future development of AD
[6]. These studies have failed to find a connection between
DHEA levels and cognitive ability, or to demonstrate serum
DHEA levels as a predictor of future AD development.

In this study, we measured levels of DHEA in the hypotha-
lamus, hippocampus and frontal cortex specimens from AD
patients and age-matched controls, and looked for evidence
of P450c17-mediated DHEA synthesis. In addition, we
measured DHEA levels in sera and in the cerebrospinal fluid
(CSF) of AD patients and age-matched controls. We found
that in contrast to decreasing serum levels of DHEA in pa-
tients with AD, brain DHEA is significantly higher in AD
patients than in age-matched controls. P450c17 protein and
mRNA were not found in the hippocampus. In agreement
with the brain tissue DHEA levels, DHEA levels in the CSF
of AD patients are significantly higher than in controls. Fur-
thermore, there is evidence for alternative pathway activity
in specimens from both AD and control patients although
DHEA precursor availability was much higher in control
samples. Treatment of control, but not AD, sera with ferrous
sulfate (FeSO4) causes an increase in DHEA levels. We
propose that measurement of CSF–DHEA levels, in con-
junction with serum DHEA levels and alternative pathway
activity, examined in the presence of FeSO4, can be used as
a predictive diagnostic measurement of AD neuropathology.

2. Methods

2.1. Tissue samples

All human tissue samples and CSF were obtained from
the Harvard Brain Tissue Resource Center in Belmont, MA.
Samples for steroid measurements were either snap frozen
or passively frozen in liquid nitrogen. Samples for RNA
extraction were snap frozen. Brain tissue samples were ob-
tained for 19 patients, 12 AD (6 men and 6 women) and 7
age-matched control patients (4 men and 3 women). Tissues
from all patients for all three areas (hypothalamus, hip-
pocampus and frontal cortex) were not available. CSF sam-
ples were obtained from 9 AD (4 men and 5 women) and
5 age-matched control patients (3 men and 2 woman). AD

patients were classified by the Harvard Brain Tissue Re-
source Center as having “severe AD”. Mean age for all pa-
tients was 74.6± 7.2 years for AD patients and 73.4± 10.5
years for controls. Mean post-mortem interval was 10.2 h for
AD patients and 14.7 h for controls. Serum samples (5 AD
patients, all men, mean age= 80.0±6.9 years, and 6 control
subjects, 2 men and 4 women, mean age= 78.8±4.8 years)
were obtained from Dr. J.R. Rapin (CEB, Mont Saint-Agnes,
France). Protocols for the use of human tissue were approved
by the Georgetown University Internal Review Board.

2.2. Endogenous steroid measurements

Tissue samples were homogenized in 0.25 M sucrose
buffer and split in half. One-half was stored at−80◦C and
used for later immunoblots. The other half was split again;
one aliquot was used to measure endogenous steroid levels.
The other aliquot was kept for analysis of alternative path-
way activity. Endogenous steroid levels were determined
as previously described[8]. Samples were extracted twice
with 4 volumes of ether:ethyl acetate (v/v) and taken to dry-
ness. Extracts were purified on a C-18 reverse phase HPLC
column using a Beckman System Gold HPLC, running a
methanol gradient. HPLC-purified fractions were collected
for DHEA and assayed using specific RIA as previously
described[8]. The identity of DHEA was confirmed by
gas chromatography coupled to mass spectrometry[12].
Serum samples were split and treated with and without
10 mM FeSO4. Serum and CSF samples were extracted as
described for the brain samples, and purified by HPLC.
DHEA levels were measured by specific RIA.

2.3. Histochemistry

Five micrometer sections were cut, deparaffinated and hy-
drated. Sections were the treated with 10% H2O2 for 10 min
at room temperature. Polyclonal antibodies to P450c17
(1:200; donated by Dr. A. Payne, Stanford University Med-
ical Center, Stanford, CA[18]) and cytochrome P450 side
chain cleavage (1:200;[16]) or normal rabbit serum in 10%
fetal bovine serum in PBS were added to the sections at
4◦C and incubated overnight. Secondary antibody reactions
were performed using horseradish peroxidase coupled goat
anti-rabbit secondary antibody diluted 1:500 in PBS. The
substrate 3-amino-9-ethyl carbazole was used to detect the
peroxidase reaction. Slides were counterstained with hema-
toxylin. Sections were also examined for the presence of
Campbell–Switzer silver staining, indicative of AD pathol-
ogy, performed by Neuroscience Associates Inc. (Knoxville,
TN).

2.4. RNA extraction and RT-PCR

Total RNA was extracted as previously described[8] us-
ing the guanidinium–phenol chloroform extraction method
(RNAzol B, Tel-Test, Friendswood, TX). mRNA was
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amplified using the Perkin-Elmer GeneAmp RT-PCR Kit,
according to the manufacturer’s instructions. Specific
primers were used to amplify message for P450c17 from
three control and four AD subjects[8]. After 35 cycles of
PCR, products were run on 1.5% agarose gels, transferred
to nylon membranes and incubated with specific probes
radiolabeled with32P. After incubation overnight at 42◦C,
membranes were washed and exposed to X-OMAT autora-
diography film (Eastman Kodak, Rochester, NY).

2.5. Immunoblots for Aβ

Levels of A� species in AD and control brain and CSF
samples were analyzed using 4G8, a monoclonal antibody
that recognizes amino acids 17–24 of A� (Senetex PLC,

Fig. 1. DHEA and pregnenolone levels in AD and control brain. Endogenous DHEA and pregnenolone levels in human brain were measured by specific
radioimmunoassay after HPLC purification. All three regions examined show a significantly higher level of DHEA in AD patients (∗∗P < 0.01). There
is a trend towards higher pregnenolone levels in all three areas as well, although these results are statistically significant only for hypothalamus.Data
presented is means± S.E.M. for duplicate measurements from 3 to 10 samples, except for control hypothalamus (multiple measurements fromn = 1)
and control hippocampus (n = 2).

Napa, CA). Samples in 0.25 M sucrose buffer were run on
precast 4–20% gradient gels (Novex, San Diego,CA). Gels
were transferred to nitrocellulose membranes and incubated
in primary antibody for 1 h at room temperature at a dilu-
tion of 1:2000. Membranes were incubated in secondary
antibody (1:1000) for 1–1.5 h at room temperature and
blots were visualized using enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech, Pisquataway, NJ).
Blots were exposed to X-OMAT autoradiography film.

2.6. Alternative pathway measurements

Samples were treated as previously described[8,11,12].
Aliquots of homogenates were incubated with a final con-
centration of 30 mM (brain) or 10 mM (serum and CSF)
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FeSO4 at 37◦C for 2 h. After 2 h, samples were extracted
and purified as described for the endogenous levels, and as-
sayed by a specific RIA.

2.7. Statistics

All data is shown as means± S.E.M. from 3 to 15 mea-
surements. In cases where only one patient was available,
data is presented as mean± S.E.M. for multiple measure-
ments from that patient. Data were analyzed using unpaired
Mann–WhitneyU-test, Student’st-test, Welch’st-test with
normality tests, or by one-way ANOVA, as indicated.

3. Results

Considering that the presence of an alternative pathway
for the formation of DHEA from an unknown precursor has
recently been described in acellular and cellular studies us-
ing rodent and human material[8,11,12,32]. We investigated
the potential of normal and pathologic (AD) human brain
tissue to form DHEA. We measured DHEA levels in samples
from hypothalamus, hippocampus and frontal cortex from
AD patients and age-matched controls. There is a significant
increase in DHEA levels in all three areas of the brain (P <

0.01 versus control levels,Fig. 1). We also measured levels
of pregnenolone, the precursor for DHEA, in these same
three regions and found that pregnenolone was higher in AD
than in control brain, although significantly increased only in
AD hypothalamus (Fig. 1). We investigated the mechanism
of DHEA formation in AD specimens. Immunohistochemi-
cal studies in sections from frontal cortex and hippocampus
from brains from AD patients and age-matched controls
failed to demonstrate the presence of P450c17 immunore-
activity (Fig. 2E–H), the enzyme responsible for DHEA
formation from pregnenolone in the endocrine glands, al-
though DHEA levels were very high in these regions. P450
side chain cleavage immunostaining was detected indi-
cating the presence of this enzyme, responsible for preg-
nenolone formation from cholesterol, in sections from AD
and age-matched controls (Fig. 2A–D). Campbell–Switzer
silver staining, characteristic of the neuritic plaques in AD
brains, was seen in sections from both the cortex and hip-
pocampus specimens used (Fig. 2I and J). Age-matched
controls did not react to this stain (Fig. 2K and L).

We looked for mRNA for P450c17 in the frontal cortex
and hippocampus using RT-PCR followed by Southern blot
with specific P450c17 probes. Although the mRNA for
the P450c17 enzyme appears to be in the frontal cortex of
controls and in one AD patient (in a second AD patient it
was absent), it was not detected in the hippocampus (Fig. 2,
bottom). We looked for the presence of A� as a potential
trigger for the previously described alternative pathway
for DHEA formation using the monoclonal antibody 4G8,
which recognize A� complexes of various sizes as well as
the amyloid precursor protein from which A� is derived.

Fig. 2. (Top) Absence of P450c17 immunoreactivity in frontal cortex (E
and G) and hippocampus (F and H) from AD and control brain specimens.
P450 side chain cleavage enzyme immunolocalization in both frontal
cortex (A and C) and hippocampus (B and D) from AD and control
brain specimens serves as a positive control for brain immunostaining.
Campbell–Switzer silver staining (I–L) confirms the AD pathology in the
specimens examined. Magnification: 400×. (Bottom) mRNA expression
of P450c17 in AD and control brain. RT-PCR amplification of P450c17
and DNA blot indicates that P450c17 is expressed in the cortex of
both control and AD patients, although expression is only seen in one
AD patient samples. There is no detectable expression of P450c17 in
the hippocampus, indicating that DHEA in this area is not made via
the peripheral enzyme-mediated pathway. Lanes are labeled by arbitrary
patient identification number.

We found that in the hippocampus there is more A� im-
munoreactivity per total amount of protein as compared
to control samples (Fig. 3). These proteins have molecular
weights ranging from 45 to 80 kDa. Control samples have
very little detectable A� immunoreactivity. Samples from
AD hypothalamus and frontal cortex also contained higher
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Fig. 3. A� immunoreactivity in hippocampus from AD and control brain.
Homogenates were separated by SDS–PAGE and blotted with 4G8, a
monoclonal antibody to amino acids 17–24 of the A� peptide. A� im-
munoreactivity is undetectable in the hippocampus of control patients,
but is present in the hippocampus of AD patients. Control,n = 2; AD,
n = 6. Representative gels are shown. Lanes are labeled by arbitrary
patient identification number.

levels of A� immunoreactivity compared to controls (data
not shown).

We measured serum DHEA levels in five AD and six con-
trol subjects to see if the increase in DHEA in the CNS was
reflected in the periphery. There was no significant differ-
ence between AD and control serum DHEA levels (AD=
688± 174 pg/ml serum, control= 891± 159 pg/ml serum;

Fig. 4. DHEA and A� levels in cerebrospinal fluid from AD and control patients. (A) DHEA was purified from CSF extracts by HPLC and measured by
specific radioimmunoassay. DHEA levels are much higher (P = 0.05) in AD subjects then in control. Control,n = 5; AD, n = 9. (B) Exact values of
DHEA in the specimens examined. (C) Both AD and control patients have immunoreactive A� in the CSF. Control patients have only 98 kDa species,
while AD patients have A� immunoreactivity occurring at a wide range of molecular weights from 46 to 98 kDa. Representative blots are shown for one
AD and one control patient. Lanes are labeled by arbitrary patient identification number. Similar results were obtained using CSF from all AD patients
and controls.

Table 1
DHEA levels (pg/mg protein) in brain samples from AD and control patients with and without treatment with 30 mM FeSO4

Patients Control Control AD AD

Treatment −FeSO4 +FeSO4 −FeSO4 +FeSO4

Hippocampus 73.8± 10.9 128.3± 17.0∗ 321.2± 77.9## 241.7± 48.2#

Hypothalamus 48.8± 8.6 61.4± 14.2 118.9± 10## 180.8± 23.9##

Frontal cortex 36.4± 7.0 70.0± 11.2∗ 131.4± 19.0## 219.3± 23.3∗∗##

Samples were extracted, DHEA was purified by HPLC and measured using specific radioimmunoassay. Results shown are means± S.E.M. of duplicate
measurements from 3 to 10 samples. Statistical analysis of DHEA levels was done between treated and untreated samples, and AD and control samples
within the same brain area. C, control patients; AD, Alzheimer’s disease patients.∗P < 0.05 vs. untreated patient,∗∗P < 0.01 vs. untreated patient,
#P < 0.05 vs. control patient,##P < 0.01 vs. control patient.

unpaired Student’st-test,P = 0.4122). In agreement with
the data obtained using the brain tissue specimens however,
we found in CSF from patients with AD that DHEA levels
were higher than those in CSF from age-matched controls
(Fig. 4A, unpaired Mann–WhitneyU-test,P = 0.05). The
exact values obtained are shown inFig. 4B. A� immunore-
active protein levels, as detected by immunoblots, were also
greater in CSF from all patients with AD as compared to all
control patients (Fig. 4C).

We then examined the ability of AD and control brains to
make DHEA via the alternative pathway, by treating each
with 30 mM FeSO4. FeSO4 treatment caused a significant
increase in DHEA levels in the hippocampus and frontal cor-
tex of control patients, but had no effect in the hypothalamus
(Table 1). Treatment with FeSO4 of tissues from AD pa-
tients showed a significant increase in DHEA in the frontal
cortex, but no significant change in the hippocampus or hy-
pothalamus.

Lastly, we examined the effects of 10 mM FeSO4 on
serum DHEA levels to determine if the alternative precursor
is present in serum. FeSO4 caused a 1.5- to 3-fold increase
in DHEA levels in control serum, but had little effect on AD
serum (Fig. 5). There is a wide patient-to-patient variability
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Fig. 5. Serum response to FeSO4 in AD and control patients. When serum from AD patients is treated with 10 mM FeSO4 there is no change in DHEA
levels, indicating the lack of an alternative precursor in these samples. However, when serum from control patients is treated with 10 mM FeSO4, there
is a significant increase in DHEA levels (one-way ANOVA,F = 8.785, P < 0.001), indicating the presence of an alternative DHEA precursor that can
be acted upon by oxidizing agents. Although there is wide patient-to-patient variability, the relative change after FeSO4 treatment is consistent across
samples. AD patients do not have this precursor present, potentially because it has already been converted by disease-mediated oxidative stress.

in serum DHEA levels, but the increase in DHEA in con-
trol patients in response to FeSO4 occurred in all samples.
One-way ANOVA analysis indicates a significant effect of
FeSO4 treatment in control serum, but not in AD serum
(F = 8.785,P < 0.001).

4. Discussion

The role of the neurosteroid DHEA in aging is unknown,
although a number of attempts have been made to link low
serum DHEA with dementia and memory disorders, par-
ticularly AD [2,6,17,37,38]. The presence of an alternative
pathway for the formation of DHEA from an unknown
precursor was recently suggested by the results of treat-
ment of rat and human glioma cells with agents inducing
ROS and oxidative stress, such as ferrous sulfate and A�
peptide[8,11,12]. Recent evidence also suggests that A�
and oxidative stress play a large role in the pathogenesis
of AD [27]. Furthermore, there is iron accumulation in
AD plaques and neurofibrillary tangles that can act as a
source of redox-generated free radicals[33]. These findings
prompted us to hypothesize that if the alternative pathway
of DHEA formation is present in human brain tissue, forma-
tion of DHEA should be increased in AD brain tissue due
to the presence of increased A� and oxidative stress levels.

We measured levels of DHEA in AD and control brain.
DHEA levels are significantly increased in AD brain in all
three areas examined, and are maximal in AD hippocampus.
This may be a reflection of increased oxidative stress in the

AD brain, potentially due to the actions of A�. Other stud-
ies have shown increased levels of carbonyls in neuronal
cytoplasm and in nuclei of neurons and glia from AD brain
[34], as well as increases in lipid peroxidation, protein per-
oxidation, disruption of mitochondria energy metabolism in
AD and increased RNA oxidation[27,28,30,36], suggesting
a role for ROS in the development of AD.

In order to determine the source of DHEA production
in the human brain, we looked for P450c17, the peripheral
enzyme responsible for DHEA formation. We found that,
while there is mRNA for P450c17 in the frontal cortex of
control and AD patients, there is no detectable P450c17
mRNA or immunoreactivity in the hippocampus, and no
immunoreactivity in frontal cortex. Interestingly, P450 side
chain cleavage was found in all specimens, suggesting that
these tissues have the ability to form pregnenolone from
cholesterol. AD pathology in the specimens used was con-
firmed using the Campbell–Switzer silver stain that indicates
neuritic plaques, a hallmark of AD. These results indicate
that the high level of DHEA in the hippocampus is either
derived from peripheral sources and accumulated and stored
in the hippocampus, or it is derived from local activity of the
alternative pathway. The variation in P450c17 expression in
the frontal cortex may be indicative of between patient vari-
ation, or may reflect a greater loss of the cells in the frontal
cortex that contain P450c17 in one AD patient versus the
other. While we do not know the serum DHEA levels from
these specific patients, published reports indicate levels of
serum DHEA from 0.3 to 2 ng/ml (age 60–90 years;[3]),
0.52 ng/ml (age 76–93;[22]) in healthy aged people and
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∼0.06–17 ng/ml (age 3–85 years;[6]). The measured serum
levels of DHEA in AD patients and age-matched controls
are similar to those presented above, and the levels of DHEA
found in brain tissues from control and AD subjects are
comparable to those previously reported[23]. The higher
level of DHEA in AD hippocampus, frontal cortex and hy-
pothalamus as compared to controls indicates that DHEA
can possibly be derived by alternative pathway activity
triggered by increased oxidative stress. Increased oxidative
stress induced by either ferrous ions or A� was previously
shown to induce DHEA formation by human brain cells in
vitro [8]. Thus, the presence of increased levels of A� in
AD specimens compared to controls could explain the in-
creased oxidative stress[19,28,30,36]. Indeed, the AD spec-
imens used were found to contain both neuritic plaques and
increased A� immunoreactivity as compared to controls.

In agreement with the tissue data, CSF from AD patients
has higher levels of DHEA as compared to controls. In some
instances, the level of DHEA in AD CSF is as much as 35
times than seen in control CSF. This is in stark contrast to
serum DHEA levels, where although DHEA is lower in AD
serum as compared to control serum, the differences seen
are not significant, in agreement with previous findings
[2,6,22]. This observation is contrary to previous hypothe-
ses on the importance of DHEA in memory and AD. Many
studies have tried to use age-related decreases in serum
DHEA as indicative of mental degradation in dementia. Al-
though DHEA is known to affect NMDA receptors[5] and
to potentiate both memory formation[15] and hippocampal
long-term potentiation[39], there is no in vivo evidence for
a role for DHEA in memory and dementia. Considering the
data presented herein, where DHEA in AD CSF is signif-
icantly higher than DHEA in control CSF, a conclusion on
this issue would require a larger sample than the nine CSF
patients examined in the present report.

We examined the potential for alternative pathway activ-
ity in AD and control brain (Table 1). Treatment with the
reducing reagent FeSO4, causes a significant increase in
DHEA in the hippocampus and cortex of control patients,
possibly indicating the presence of an alternative precursor
in these areas. There was no effect in the control hypothala-
mus. AD patients show a significant increase in DHEA only
in the frontal cortex, indicating that an alternative precursor
is still present there. However, it appears not to be present
in the AD hypothalamus or hippocampus. The higher levels
of DHEA present in the hypothalamus and hippocampus of
AD brain before FeSO4 treatment suggest that the precur-
sor of the alternative pathway has already been converted
to DHEA by endogenous oxidative stress due to the dis-
ease process. This results in the higher endogenous level of
DHEA measured in the AD brain. The identity of the precur-
sor of DHEA in brain is unknown although there has been
evidence indicating that this precursor is probably an oxy-
genated metabolite of cholesterol or pregnenolone[12,32].
In support of these findings, it was recently reported that
AD and vascular demented patients appear to have higher

plasma levels of 24(S)-hydroxycholesterol[25], a product of
cholesterol oxidation in the brain[7]. Although the results
presented are obtained from a small number of samples, the
correlation between increased levels of DHEA in hippocam-
pus, hypothalamus and frontal cortex seen in AD brain, and
the levels found in CSF suggests a consistent phenomenon.

One of the major problems with AD diagnosis and treat-
ment is the inability of clinicians to determine the onset of
the disease. Currently, this is done by a combination of MRI
scans to measure generalized shrinkage of the brain, and
cognitive tests to determine the state of dementia. Typically
symptoms do not occur until very late in the disease process.
If the changes in DHEA in the CSF are indeed regulated
by oxidative conditions within the brain, there may be al-
terations in CSF–DHEA levels very early in the progression
of the disease. Furthermore, presence of the alternative pre-
cursor can be detected in the serum of control patients, but
not in AD serum. Further analysis of the data inTable 1and
Fig. 5 indicates that the serum shows a greater response to
FeSO4 treatment than does any brain area tested, indicating
that this may be a useful compartment for determining the
progression of brain oxidative stress in AD, since there is an
increase in all control serum after FeSO4 treatment, and no
change in AD serum. Therefore, by determining (at present
an indirect determination using FeSO4) whether or not the
alternative precursor is present in the blood, and measuring
CSF–DHEA levels, it may be possible to determine the con-
ditions of oxidative stress in the brain. The availability of
the alternate precursor for DHEA in serum could be used as
a diagnostic tool to determine the progression of AD. One
might expect to see higher serum levels of DHEA in AD pa-
tients if all available alternative precursor has already been
converted. However, serum DHEA derived from this alter-
native pathway activity may be preferentially sequestered
into other compartments rather than in the serum.

It has been long speculated that DHEA may be important
in the aging process, particularly in modulating memory
formation. The results presented here demonstrate that,
contrary to current hypotheses, levels of DHEA are much
higher in AD brain than in normal brain. It has been shown
that DHEA and its sulfate are neuroprotective against exci-
tatory amino acid-induced toxicity[21] and A� toxicity in
the hippocampus[10] but little has been done on the neuro-
protective effects of DHEA on glia. We have proposed that
DHEA produced by glial cells in response to A� may act
as a glial protective agent[8]. In response to A�, astrocytes
become reactive and produce extracellular matrix molecules
and growth factors that may help to potentiate amyloid
deposition[9]. In this case, the increase in DHEA could
potentially be a harmful event, helping to protect reactive
astrocytes and potentiate neuronal damage and plaque for-
mation. It remains to be seen whether DHEA plays an im-
portant role in AD pathology or is simply an epiphenomenon
of the disease process.

Regardless of whether DHEA plays an important role in
the pathogenesis of AD, it may serve as a useful marker of
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the disease. Although a larger sampling is required to vali-
date the results presented herein, we speculate that by mea-
suring DHEA levels in the serum and CSF of aging patients,
and looking for evidence of alternative pathway activity in
these compartments, it may be possible to determine early
changes in the levels of oxidative stress in the brain. These
changes may reflect early damage in AD or even in other
neurodegenerative disorders involving oxidative stress.

Acknowledgments

The encouragement and critical review of the manuscript
by Dr. S. Lieberman (St. Luke’s Roosevelt Hospital Center,
NY) are gratefully appreciated. The authors would like to
acknowledge the contribution of Drs. J.R. Rapin (Depart-
ment of Biochemical Pharmacology, CEB, France) for pro-
viding us with human sera, A. Payne (Stanford University
Medical Center, CA) for the anti-P450c17 antiserum and
the Harvard Brain Tissue Resource Center, which is sup-
ported in part by PHS Grant number MH/NS 31862. This
work was supported by a grant from the National Science
Foundation. R.C.B. was supported by a National Science
Foundation predoctoral fellowship.

References

[1] Akwa Y, Young J, Kabbadj K, Sancho MJ, Zucman D, Vourc’h
C, et al. Neurosteroids: biosynthesis, metabolism and function of
pregnenolone and dehydroepiandrosterone in the brain. J Steroid
Biochem Molec Biol 1991;40(1–3):71–81.

[2] Baulieu EE. Dehydroepiandrosterone (DHEA): a fountain of youth?
J Clin Endocrinol Metab 1996;81(9):3147–51.

[3] Baulieu E-E, Robel P. Dehydroepiandrosterone and dehydro-
epiandrosterone sulfate as neuroactive neurosteroids. J Endocrinol
1996;150:S221–39.

[4] Baulieu E-E, Robel P. Dehydroepiandrosterone (DHEA) and dehydro-
epiandrosterone sulfate (DHEAs) as neuroactive neurosteroids. Proc
Natl Acad Sci USA 1998;95:4089–91.

[5] Bergeron R, Montigny CD, Debonnel G. Potentiation of neuronal
NMDA response induced by dehydroepiandrosterone and its
suppression by progesterone: effects mediated by sigma receptors. J
Neurosci 1996;16(3):1193–202.

[6] Berr C, Lafont S, Debuire B, Dartigues J-F, Baulieu E-E.
Relationships of dehydroepiandrosterone sulfate in the elderly with
functional, psychological, and mental status, and short-term mortality:
a french community-based study. PNAS 1996;93:13410–5.

[7] Bjorkhem I, Lutjohann D, Breuer O, Sakinis A, Wennmalm A.
Importance of a novel oxidative mechanism for elimination of brain
cholesterol. Turnover of cholesterol and 24(S)-hydroxycholesterol in
rat brain as measured with 18o2 techniques in vivo and in vitro. J
Biol Chem 1997;272(48):30178–84.

[8] Brown RC, Cascio C, Papadopoulos V. Pathways of neurosteroid
biosynthesis in cell lines from human brain: regulation of dehydro-
epiandrosterone formation by oxidative stress and beta-amyloid
peptide. J Neurochem 2000;74(2):847–59.

[9] Canning DR, McKeon RJ, De Witt DA, Perry G, Wujek
JR, Frederickson RC, et al.�-Amyloid of Alzheimer’s disease
induces reactive gliosis that inhibits axonal outgrowth. Exp Neurol
1993;124(2):289–98.

[10] Cardounel A, Regelson W, Kalimi M. Dehydroepiandrosterone
protects hippocampal neurons against neurotoxin-induced cell death:
mechanism of action. Proc Soc Exp Biol Med 1999;222(2):145–9.

[11] Cascio C, Brown RC, Liu Y, Han Z, Hales DB, Papadopoulos VV.
Pathways of dehydroepiandrosterone formation in rat brain glia. J
Steroid Biochem Mol Biol 2000;75(2–3):177–86.

[12] Cascio C, Prasad VV, Lin YY, Lieberman S, Papadopoulos V. Detec-
tion of P450c17-independent pathways for dehydroepiandrosterone
(DHEA) biosynthesis in brain glial tumor cells. Proc Natl Acad Sci
USA 1998;95(6):2862–7.

[13] Compagnone NA, Bulfone A, Rubenstein JLR, Mellon SH.
Steroidogenic enzyme P450c17 is expressed in the embryonic central
nervous system. Endocrinology 1995;136(11):5212–23.

[14] Corpechot C, Robel P, Axelson M, Sjovall J, Baulieu E-E. Charac-
terization and measurement of dehydroepiandrosterone sulfate in rat
brain. Proc Natl Acad Sci USA 1981;78(8):4704–7.

[15] Flood JF, Morley JE, Roberts E. Memory-enhancing effects in male
mice of pregnenolone and steroids metabolically derived from it.
PNAS 1992;89(5):1567–71.

[16] Garnier M, Boujrad N, Oke BO, Brown AS, Riond J, Ferrara P, et
al. Diazepam binding inhibitor is a paracrine/autocrine regulator of
leydig cell proliferation and steroidogenesis: action via peripheral-
type benzodiazepine receptor and independent mechanisms.
Endocrinology 1993;132(1):444–58.

[17] Guazzo EP, Kirkpatrick PJ, Goodyer IM, Shiers HM, Herbert J.
Cortisol, dehydroepiandrosterone (DHEA), and DHEA sulfate in the
cerebrospinal fluid of man: relation to blood levels and the effects
of age. J Clin Endocrinol Metab 1996;81(11):3951–60.

[18] Hales DB, Sha LL, Payne AH. Testosterone inhibits camp-induced
de novo synthesis of leydig cell cytochrome P450(17 alpha) by an
androgen receptor-mediated mechanism. J Biol Chem 1987;262(23):
11200–6.

[19] Huang X, Atwood C, Hartshorn M, Multhaup G, Goldstein L, Scarpa
R, et al. The A� peptide of Alzheimer’s disease directly produces
hydrogen peroxide through metal ion reduction. Biochemistry
1999;38(24):7609–16.

[20] Joachim CL, Selkoe DJ. The seminal role of�-amyloid in the
pathogenesis of Alzheimer’s disease. Alzheimer Dis Assoc Disord
1992;6(1):7–34.

[21] Kimonides VG, Khatibi NH, Svendsen CN, Sofroniew MV, Hervert
J. Dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEAs)
protect hippocampal neurons against excitatory amino acid-induced
neurotoxicity. Proc Natl Acad Sci USA 1998;95:1852–7.

[22] Lacroix C, Fiet J, Benais J-P, Gueux B, Bonete R, Villette J-M, et
al. Simultaneous radioimmunoassay of progesterone, androst-4-ene-
dione, pregnenolone, dehydroepiandrosterone and 17-hydroxypro-
gesterone in specific regions of human brain. J Steroid Biochem
1987;28(3):317–25.

[23] Lanthier A, Paatwardhan VV. Sex steroids and 5-en-3beta-hydroxy-
steroids in specific regions of the human brain and cranial nerves. J
Steroid Biochem 1986;25(3):445–9.

[24] LeGoascogne C, Sananes N, Gouezou M, Takemori S, Kominami
S, Baulieu EE, et al. Immunoreactive cytochrome P450 17� in rat
and Guinea pig gonads, adrenal glands and brain. J Reprod Fertil
1991;93:609–22.

[25] Lutjohann D, Papassotiropoulos A, Bjorkhem I, Locatelli S, Bagli M,
Oehring RD, et al. Plasma 24(S)-hydroxycholesterol (cerebrosterol)
is increased in Alzheimer and vascular demented patients. J Lipid
Res 2000;41(2):195–8.

[26] Majewska MD, Demirgoren S, Spivak CE, London ED.
The neurosteroid dehydroepiandrosterone sulfate is an allosteric
antagonist of the GABAA receptor. Brain Res 1990;526:143–6.

[27] Markesbery WR. Oxidative stress hypothesis in Alzheimer’s disease.
Free Rad Biol Med 1997;23(1):134–47.

[28] Mecocci P, MacGarvey U, Beal M. Oxidative damage to mito-
chondrial DNA is increased in Alzheimer’s disease. Ann Neurol
1994;36(5):747–51.



R.C. Brown et al. / Neurobiology of Aging 24 (2003) 57–65 65

[29] Mellon SH, Deschepper CF. Neurosteroid biosynthesis: genes for
adrenal steroidogenic enzymes are expressed in the brain. Brain Res
1993;629:283–92.

[30] Nunomura A, Perry G, Pappolla MA, Friedland RP, Hirai K, Chiba
S, et al. Neuronal oxidative stress precedes amyloid-beta deposition
in down syndrome. J Neuropathol Exp Neurol 2000;59(11):
1011–7.

[31] Parker CR. Dehydroepiandrosterone and dehydroepiandrosterone
sulfate production in the human adrenal during development and
aging. Steroids 1999;64(9):640–7.

[32] Prasad VVK, Vegesna SR, Welch M, Lieberman S. Precursors of
the neurosteroids. Proc Natl Acad Sci USA 1994;91:3220–3.

[33] Smith MA, Harris PL, Sayre LM, Perry G. Iron accumulation in
Alzheimer’s disease is a source of redox-generated free radicals.
Proc Natl Acad Sci USA 1997;94(18):9866–8.

[34] Smith MA, Rudnicka-Nawrot M, PL R, Praprotnik D, Mulvihill P,
Miller C, et al. Carbonyl-related post-translational modification of
neurofilament protein in the neurofibrillary pathology of Alzheimer’s
disease. J Neurochem 1995;64(6):2660–6.

[35] Stromstedt M, Waterman MR. Messenger RNAs encoding steroi-
dogenic enzymes are expressed in rodent brain. Mol Brain Res
1995;34:75–88.

[36] Subbarao K, Richardson J, Ang L. Autopsy samples of Alzheimer’s
cortex show increased peroxidation in vitro. J Neurochem 1990;55(1):
205–28.

[37] Wolf OT, Koster B, Kirschbaum C, Pietrowsky R, Kern W,
Hellhammer DH, et al. A single administration of dehydroepiandro-
sterone does not enhance memory performance in young healthy
adults, but immediately reduces cortisol levels. Biol Psychiatry
1997;42(9):845–8.

[38] Wolf OT, Neumann O, Hellhammer DH, Geiben AC, Strasburger
CJ, Dressendorfer RA, et al. Effects of a 2-week physiological
dehydroepiandrosterone substitution on cognitive performance and
well-being in healthy elderly women and men. J Clin Endocrinol
Metab 1997;82(7):2363–7.

[39] Yoo A, Harris J, Dubrovsky B. Dose-response study of dehydro-
epiandrosterone sulfate on dentate gyrus long-term potentiation. Exp
Neurol 1996;137:151–6.


	Oxidative stress-mediated DHEA formation in Alzheimer's disease pathology
	Introduction
	Methods
	Tissue samples
	Endogenous steroid measurements
	Histochemistry
	RNA extraction and RT-PCR
	Immunoblots for Abeta
	Alternative pathway measurements
	Statistics

	Results
	Discussion
	Acknowledgements
	References


