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Steroid synthesis inhibitors are commonly used in the treatment of patients with Cushing's disease, but may also improve
psychopathology in hypercortisolemic depressed patients. Since glucocorticoids exert a negative feedback at pituitary and supra-pituitary
levels, the inhibition of steroid synthesis may lead to increased expression of corticotropin-releasing hormone (CRH) and arginine
vasopressin (AVP). We studied the effect of treatment with 800 mg ketoconazole (3 weeks) upon the concentrations of basal plasma
cortisol in the evening, corticosteroid-binding globulin (CBG), dehydroepiandrosterone-sulfate (DHEA-S), and ACTH as well as the
concentrations of cortisol, CRH, and AVP in cerebrospinal fluid (CSF) at 8.30h in 10 healthy, male volunteers. While we found cortisol
plasma concentrations to be unchanged, we noted a significant increase in ACTH (post: 45.1 + 43.5; pre: 14.2 + 5.2 pmol/l; F| g =9.78,
p<0.02) and CBG concentrations (post: 38.8 + 4.3; pre: 31.9 + 42pg/l), but DHEA-S plasma concentrations declined (post:
I.75 + 1.83; pre: 2.75 + 280 mg/l; F| g =7.9, p <0.03). CRH concentrations in CSF were unchanged after treatment (post: 62.5 + 15.9;
pre: 63.7 + 13.9 pg/ml), while there was a trend for AVP concentrations to rise during treatment (post: 2.52 + 1.18; pre: 1.92 4+ 0.96 pg/
ml; paired t=—1.9, p<0.1). Cortisol CSF concentrations declined in the elderly (pre: 52.5 + 23.2; post: 26.7 + 4.6 nmol/l), but not in
the young subgroup (pre: 15.6 + |1.3; post: 27.7 + 9.4 nmol/l). We thus conclude that the treatment of healthy controls with steroid-

INTRODUCTION

It is a well-established finding that hypothalamus-pitui-
tary-adrenal (HPA) system dysregulation is common in
depressed patients with evidence for both increased central
HPA system activity (Arborelius et al, 1999) and pituitary-
driven hypercortisolemia (Deuschle et al, 1997a,b). Both
the central regulator of the HPA system, corticotropin-
releasing hormone (CRH), as well as its effector steroid
cortisol have been discussed to be pathophysiologically
relevant in depression (Wolkowitz and Reus, 1999; Hols-
boer 1999, 2000). In line with these assumptions, amelioria-
tion of depression is preceded by normalization of both
CRH and cortisol (Heuser et al, 1996, 1998).
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synthesis inhibitors does not lead to a major increase in CRH secretion.
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These findings stimulated research on the antidepressive
properties of CRH receptor antagonists (Holsboer 1999)
and antiglucocorticoid drugs (Wolkowitz and Reus, 1999;
Wolkowitz et al, 1999a,b), the latter also being used as
palliative treatment of Cushing’s syndrome (Loli et al,
1986). Recently, the first report about successful antide-
pressive and antianxiety properties of a CRH antagonist has
been published (Zobel et al, 2000). Also, a number of
controlled and uncontrolled trials supported the assump-
tion that steroid synthesis inhibiting drugs exert antide-
pressive activity in hypercortisolemic depressed patients
(Wolkowitz and Reus, 1999).

The HPA system is under the strong control of
glucocorticoids, which exert a negative feedback at the
level of the hippocampus, hypothalamus, and pituitary
(Holsboer, 2000). Therefore, lowering the concentration of
glucocorticoids leads to a complex pattern of activation of
the central nervous elements of the HPA system, possibly
including increased activity of the central regulators CRH
and arginine vasopressin (AVP) (Kovacs et al, 2000; Ma and
Aguilera, 1999; Schmidt et al, 1997; Ixart et al, 1994). Owing
to behavioral effects of CRH and AVP, this may counteract
the antidepressive properties of antiglucocorticoid drugs
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(Holsboer, 1999; Scott and Dinan, 1998; Ebner et al, 1999).
However, one must also consider that lowering cortisol
concentrations could potentially promote anxiolytic effects
by decreasing CRH levels in the central nucleus of the
amygdala (Schulkin et al, 1998).

Since antidepressant treatment with ketoconazole is
increasingly acknowledged as an option for treatment-
resistant depressed patients with hypercortisolemia
(Wolkowitz and Reus, 1999), the effect of steroid synthesis
inhibition upon the central regulation of the HPA system
deserves closer attention.

Although HPA system regulation differs in various
aspects when looking at depressed patients and healthy
controls, we were interested in the effect of the steroid
synthesis inhibitor ketoconazole upon the regulation of the
HPA system in healthy subjects. As in humans HPA system
regulation increases during adulthood (Deuschle et al,
1997a,b), we opted to choose to study the effects upon
ketoconazole in both young and elderly subjects in order to
control for age-dependent effects. We expected that
ketoconazole treatment would lower cortisol and dehydroe-
piandrosterone-sulfate (DHEA-S) concentrations, the latter
of which is known to be an adrenal steroid with low
circadian variation. Corticosteroid-binding globulin (CBG)
was measured in order to ensure an estimate of free and
biologically active glucocorticoids. The concentrations of
cortisol, CRH, and AVP in cerebrospinal fluid (CSF) were
measured to test the hypothesis that ketoconazole impairs
the glucocorticoid feedback and, thereby, increases the
concentrations of the central regulator of the HPA system.

SUBJECTS AND METHODS
Subjects

This study was carried out in accordance with the
Declaration of Helsinki. After giving fully informed written
consent, five younger (age: 32.4 + 6.1 years; age range: 26—
39 years) and five elderly (age: 75.2 + 3.8 years; age range:
69-79 years) healthy male volunteers participated in the
study. All subjects were recruited by advertisements.
Physical and psychiatric disorders including abuse of drugs
and alcohol were excluded by standardized psychiatric
interview, physical examination, and laboratory investiga-
tions. None of the subjects was taking any medication or
vitamins. Smokers and people working on night shifts were
not included. One subject (male, 28 years) refused the
second spinal tap and, therefore, we included 11 subjects in
order to finally analyze a total of 10 subjects. The study was
approved by the local ethics committee.

Methods

All subjects arrived in the laboratory at 17.00h and an
intravenous catheter was inserted before 18.00h. Subjects
had been fasting since 15.00h, with water allowed ad
libitum. Between 19.00 and 21.00h, blood was collected
every 30 min, and all samples were immediately centrifuged
and stored at —20°C for measurement of cortisol and at
—80°C for measurement of ACTH (day 1). Following blood
sampling, all subjects spent the night in our research unit
with lights off between 24.00 and 8.00h. At 8.30h a spinal
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tap was performed and 12 cm’ CSF was collected (day 2),
immediately frozen on dry ice, and stored at —80°C prior to
the measurement of CRH and AVP concentrations. The
spinal tap was performed under standardized conditions in
terms of bed rest, fasting conditions, and position. Up to
day 24, all subjects then received increasing doses of
ketoconazole (day 7: 600 mg; day 14: 800 mg) divided into
four daily doses. On days 23 and 24, respectively, blood
samples were again collected between 19.00 and 21.00 h and
a spinal tap was performed at 8.30 h. The last dose prior to
blood sampling was given at 12.00 h.

Assays

Plasma cortisol (ICN Pharmaceuticals) and ACTH (Nichols
Institute, San Juan Capristano, California) were measured
using commercially available immunoassays. CSF concen-
trations of CRH were measured using a sensitive and
specific radioimmunoassay after an extraction procedure as
described earlier (Stalla et al, 1986). In brief, extraction was
performed with a Sep-Pak C18 cartridges-method with a
recovery of 60%. In the assay procedure, hCRH was used as
a standard and N-tyr-hCRH as tracer after labelling with I-
125. There was no cross-reactivity of the antiserum with
other hypothalamic, pituitary, and pancreatic hormones.
The lower limit of detection was 10 pg/ml; the intra and
interassay coefficients of variation were below 9%. Vaso-
pressin concentrations were estimated in extracted and
lyophilized CSF samples by a highly sensitive and specific
radioimmunoassay (detection limit 0.1 pg/sample; cross-
reactivity with other neuropeptides, including oxytocin,
<0.7%; Landgraf et al, 1995). Serum concentrations of CBG
were measured using a competitive I-125 radioimmunoas-
say from DRG Instruments (Marburg, Germany). Interassay
imprecision was found with a coefficient of variation of
5.8%. Serum concentrations of DHEAS were measured
using a competitive electrochemiluminescent immunoassay
from Roche Diagnostics (Mannheim). Interassay variation
was below 4%. Ketoconazole serum concentrations were
analyzed by HPLC (limit of detection: 0.36 pg/ml).

Statistical Analysis

The five blood samples taken between 19.00 and 21.00h
were averaged across both sessions and used as the measure
of baseline cortisol concentrations. Single samples were
used for measurement of CBG, DHEA-S, and ketoconazole.
Repeated-measures analyses of variance (ANOVA-rm) and
paired t-tests were used to assess the effects of ‘treatment’
and ‘generation’ (<40/>65 years) upon CSF CRH, CSF
AVP as well as plasma ACTH, cortisol, CBG, and DHEA-S
concentrations.

RESULTS

Ketoconazole plasma concentrations at 19.00 h after 22 days
of treatment ranged from 1.56 to 11.64 ug/ml. There was no
difference between young and elderly subjects (6.45 + 1.75
vs 6.06 + 4.3 ug/ml). Generally, ketoconazole treatment was
well tolerated and all liver function tests as well as blood
count and serum electrolytes were well within normal limits
after ketoconazole treatment.



ANOVA-rm revealed no significant effect of ‘generation’
and ‘treatment’ (pre: 94.4 + 68.5; post: 114.3 + 80.2 nmol/l;
F,7,=0.44, n.s.) upon cortisol plasma concentrations.
There was no significant ‘generation’ x ‘treatment’ interac-
tion effect (F, g4 =2.4, n.s.).

In contrast, there was a significant increase in ACTH
concentrations after ketoconazole treatment (effect of
‘treatment’: F; 3 =9.78, p <0.02), which tended to be higher
in the elderly compared to the younger subgroup (effect of
‘generation F;3=5.0, p<0.06). ACTH concentrations
significantly increased in young (t=2.64, p<0.05) and
elderly subjects (t=6.0, p<0.01). Together with a signifi-
cant ‘generation’ X ‘treatment’ interaction (F;g3=7.14,
p<0.03), these results indicate ACTH plasma concentra-
tions to be higher in the elderly and, specifically, to strongly
increase in the elderly after ketoconazole treatment.

ANOVA-rm revealed a significant effect of ‘generation’
(F1,4=6.76, p<0.03) and a significant ‘generation’ X ‘treat-
‘treatment’ interaction (F;g=12.06, p<0.01) upon cortisol
CSF concentrations, which significantly declined in the
elderly (pre: 52.5 + 23.2; post: 26.7 + 4.6 nmol/l; paired
t=2.87, p<0.05), but not in the young subgroup (pre:
15.6 + 11.3; post: 27.7 + 9.4 nmol/]; paired t=2.00, n.s.).

AVP CSF concentrations also tended to increase after
ketoconazole treatment (2.52 + 1.18 vs 1.92 + 0.96 pg/ml;
paired t= —1.9; p<0.1). Adding the variable ‘generation’ to
the model failed to reveal a ‘generation’ or ‘generation’
x ‘treatment’ interaction effect (all F-values <1.0).

Neither ‘generation’ nor ‘treatment’ nor the ‘genera-
tion’ x ‘treatment’ interaction had a significant effect upon
CRH concentrations in the CSF (pre vs post: 62.5 + 15.9 vs
63.7 + 13.9 pg/ml; all F-values below 0.5).

ANOVA-rm revealed a strong effect of ‘treatment’ upon
CBG plasma concentrations (F;gs=38.4, p<0.001), which
increased in young (pre vs post: 32.8 + 5.2 vs 38.0 + 4.3 ng/
1) and elderly subjects (30.9 + 3.1 vs 39.5 + 4.4 pg/l). There
was no significant ‘generation’ (F-value: 0.01) or ‘gener-
ation’ X ‘treatment’ interaction effect upon CBG concentra-
tions (F-value: 2.2).

Concerning DHEA-S plasma concentrations, ANOVA-rm
showed strong effects of ‘generation’ (F;g=12.5, p<0.01)
and ‘treatment’ (F;3=7.9, p<0.03). DHEA-S declined in
young (pre vs post: 4.77 + 2.68 vs 3.10 + 1.72mg/l) and
elderly subjects (0.72 +0.40 vs 0.41 + 0.21 mg/l). Also,
there was a trend for a ‘generation’ x ‘treatment’ interaction
effect upon DHEA-S plasma concentrations (F;g=23.7,
p<0.1).

DISCUSSION

The main findings of our study are that (1) treatment with
800 mg ketoconazole does not reduce evening plasma
cortisol concentrations in healthy controls and (2) the
increase in ACTH concentrations is not paralleled by
changes in CSF CRH concentrations. Also, the plasma
concentrations of the adrenal androgen DHEA-S declined
significantly, while ketoconazole treatment increased CBG
concentrations.

Treatment with steroid synthesis inhibitors is known to
lower cortisol in patients with Cushing’s disease (Loli et al,
1986). Treating normocortisolemic healthy controls with

Steroid synthesis inhibition and CRH and AVP in CSF
M Deuschle et al

g

ketoconazole, we found cortisol unchanged, while ACTH
plasma concentrations were significantly increased.
Although ACTH increased, it has to be considered that
ketoconazole may directly inhibit the pituitary cortico-
trophe function (Stalla et al, 1989). The availability of
cortisol may be hampered by strongly increased CBG
concentrations after treatment. Lowered free cortisol
concentrations may have contributed to the significant
increase in ACTH concentrations. We decided to study
plasma cortisol concentrations in the evening since we
expected the signal-to-noise ratio to be favorable at the
trough of cortisol’s circadian curve because of low ACTH
activity at this specific time window. This decision may have
led to a floor effect and to a false-negative finding regarding
cortisol plasma concentrations, especially with regard to the
time of circadian peak concentrations. This assumption is
supported by lowered morning cortisol concentrations in
the CSF of elderly subjects.

Pituitary ACTH secretion is mainly regulated by CRH and
AVP released at the level of the median eminence. Of
course, the question arises as to whether the concentration
of ACTH during treatment with steroid synthesis inhibitors
is upregulated either by CRH or AVP, the latter of which is
known to be co-expressed in parvocellular CRH neurons
and to potentiate the effects of CRH. We found CRH
concentrations not to increase after ketoconazole treatment,
although effects of order or habituation to the stress of CSF
sampling cannot be fully excluded. Of course, our data do
not allow us to draw conclusions regarding the effects of
ketoconazole upon CRH at other time windows. At the level
of the hypothalamus, lowering the feedback of glucocorti-
coids exerts its effect on vasopressin rather than on CRH
gene expression (Kovacs et al, 2000; Ma and Aguilera, 1999),
and suppression of the rat HPA system using steroid
synthesis inhibitors has been reported to significantly
increase the co-storage of AVP in CRH neurons without
altering CRH stores themselves (Schmidt et al, 1997). In line
with these findings, long-term surgical adrenalectomy is
known to strongly increase ACTH secretion in the presence
of normal CRH release at the median eminence (Ixart et al,
1994). Also, CRH in CSF is not increased in patients with
Addison’s disease (Tomori et al, 1983). In accordance with
these preclinical and clinical findings, treating healthy male
controls with ketoconazole did not change CRH concentra-
tions in lumbar CSF, while AVP concentrations tended to
increase (see Figure 1). Without any reason to assume that
AVP decreases, this trend in a two-sided test may be of
relevance. There is some evidence for the assumption that
AVP in human CSF is, at least partly, independent of AVP
released into the blood (Jenkins et al, 1980). However, one
must keep in mind that both AVP and CRH are expressed
not only in the hypothalamus but also in other brain
regions.

Since many depressed patients show a disturbed gluco-
corticoid feedback (Holsboer, 2000), it is premature to
transfer our findings from healthy controls to depressed
patients. As the impaired feedback sensitivity of depressed
patients’ HPA system is known to be already associated with
increased hypothalamus CRH storage (Raadsheer et al,
1994), it seems possible to assume a further increase in
hypothalamic CRH synthesis as a consequence of lowering
cortisol synthesis in depressed patients. However, lowering
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controls before (light) and after treatment (dark) with ketoconazole.

glucocorticoid plasma concentrations may not only inter-
fere with CRH synthesis at the hypothalamic site, but also
lower CRH storage in the amygdala (Schulkin et al, 1998)
and, thereby, exert behavioral effects.

Ketoconazole does not specifically inhibit cortisol synth-
esis, but interferes with steroid synthesis at various steps.
This may explain the finding of lowered DHEA-S plasma
concentrations after ketoconazole treatment. Since adrenal
androgens and neurosteroids exert independent effects on
the brain (Wolkowitz et al, 1999a,b), interaction of
ketoconazole with these steroids may have independent
psychotropic effects when treating depressed patients.

In conclusion, our data show that treatment with steroid
synthesis inhibitors does not result in enhanced secretion of
CRH towards the CSF, at least during the diurnal trough.
Therefore, we propose that antidepressive treatment with
ketoconazole will not cause a general increase of CRH
secretory activity, but may even lower CRH concentrations
in the amygdala.
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