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Abstract
Despite observations of age-dependent sexual dimorphisms in hypothalamic-pituitary-adrenal
(HPA) axis activity, the role of androgens in the regulation of HPA axis activity in men has not been
examined. We assessed this role by performing CRH stimulation tests in ten men (ages 18–45) during
gonadal suppression with leuprolide acetate and during testosterone addition to leuprolide. CRH-
stimulated cortisol levels as well as peak cortisol and greatest cortisol excursion were significantly
lower (p < .05, .005, and .01, respectively) during testosterone replacement compared with the
induced hypogonadal condition (leuprolide plus placebo); cortisol area under the curve was lower at
a trend level (p < .1). Paradoxically, CRH-stimulated ACTH was increased significantly during
testosterone replacement (p < .05). The cortisol:ACTH ratio, a measure of adrenal sensitivity, was
lower during testosterone replacement (p < .1). A mixed effects regression model showed that
testosterone but not estradiol or CBG significantly contributed to the variance of cortisol. These data
demonstrate that testosterone regulates CRH-stimulated HPA axis activity in men, with the divergent
effects on ACTH and cortisol suggesting a peripheral (adrenal) locus for the suppressive effects on
cortisol. Our results further demonstrate that the enhanced stimulated HPA axis activity previously
described in young men compared with young women cannot be ascribed to an activational
upregulation of the axis by testosterone.
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Introduction
Substantial evidence suggests that reproductive steroids modulate the response to stress.
Supportive data include observations of sex differences in hypothalamic-pituitary-adrenal
(HPA) axis activity/responsivity (Kitay, 1961; Brett et al, 1983; Horrocks et al, 1990;
Kirschbaum et al, 1992; McCormick et al, 2002; Roelfsema et al, 1993; Greenspan et al,
1993) and demonstration of acute regulatory effects of gonadal steroids on the HPA axis in
animal castration and replacement studies (Kitay, 1963; Burgess et al, 1992; Critchlow et al,
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1963; Bingaman et al, 1994). As the first observations of sex differences showed increased
HPA axis activity in female rodents, most attention has focused on the effects of estradiol, with
little attention paid to the possible modulatory role of testosterone. In animals, several
castration and androgen replacement studies suggest that androgens inhibit stress-stimulated,
but not basal, corticotropin (ACTH) and cortisol concentrations (Handa et al, 1994;
Papadopoulos et al, 2000), findings consonant with the many studies showing enhanced
response to a variety of stressors in female compared with male rodents (LeMevel et al,
1979; Lesniewska et al, 1990). Sexual dimorphisms (largely age-dependent) in stimulated HPA
axis activity have been variably reported in humans (Greenspan et al, 1993; Seeman et al,
2001), but there are virtually no studies identifying the role, if any, of androgens in the reported
human dimorphisms. Indeed, in one of few studies evaluating the impact of reproductive
manipulation on the HPA axis in men, estrogen was administered and observed to increase the
hormonal response to psychosocial stress (Kirschbaum et al, 1996), similar to results in non-
human male primates (Norman et al, 1992). Thus, the effects of testosterone on the HPA axis
in human males are unknown and limited to speculations based on observed sexual
dimorphisms in lower animals. To remedy this dearth of information, we investigated the stress
modulatory effects of androgens by performing corticotropin-releasing hormone (CRH)
stimulation tests in men under two induced hormonal conditions: leuprolide-induced
suppression of the hypothalamic-pituitary-gonadal (HPG) axis, with and without testosterone
replacement.

Methods
Subject Selection

Healthy male volunteers were recruited through advertisements in local newspapers. All men
were between ages 18 to 45, were without current medical illness (as assessed by medical
history, physical examination, laboratory tests and EKG), were medication free, and had no
history of psychiatric disorders, including alcohol and substance abuse, as determined by the
Structured Clinical Interview for DSM III-R or IV (SCID-IIIR or IV) (First et al, 1996). The
protocol was reviewed and approved by the National Institute of Mental Health (NIMH)
Institutional Review Board, and all subjects gave both written and verbal consent to study
participation. Subjects were paid for their participation according to the schedule of payment
issued by the National Institutes of Health Normal Volunteer Office.

Study Design
Leuprolide Study—Eleven men were recruited for the study. Ten participated in the ovine-
CRH study; the eleventh individual failed to suppress testosterone levels following leuprolide
acetate administration and was not included in the analysis. Of the volunteers, eight were
Caucasian and two were African American. Mean age ± S.D. was 31.4 ± 7.5. Volunteers
received three monthly injections of the gonadotropin-releasing hormone agonist leuprolide
acetate (Lupron) (7.5 mg) following a two month screening period during which the absence
of illness and mood disturbance was confirmed. Following one month of leuprolide acetate
alone, men were randomly assigned to receive add-back of either 200 mg IM testosterone
enanthate or sesame oil injections every two weeks for a month in a double-blind, crossover
design. The ovine-CRH study was performed 1–12 days after the second injection of
testosterone or placebo. CRH infusions were performed a mean (± SD) of 5.6 (± 5.6) days after
the second injection of testosterone and 3.7 (± 4.0) days after the second injection of placebo.

Blood at baseline for each CRH test was analyzed for plasma levels of testosterone, estradiol
and cortisol binding globulin (CBG). Additionally, 24 hour urine samples were obtained and
analyzed for urinary free cortisol (UFC), the majority within one day of the infusion (i.e., most
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collections began one day prior to CRH, but several ranged from 2 to 5 days after CRH
administration ); mean ± SD = 1.2 ± 1.7 days.

Ovine-CRH stimulation test—Subjects were instructed to fast from midnight before the
test and to present to the clinic between 7 and 8 a.m. Subjects were weighed and then placed
in a semi-recumbant position. An intravenous catheter was inserted in the antecubital vein and
the subjects rested for 40 minutes prior to receiving 1mcg/kg ovine CRH (oCRH) by IV push.
Blood samples for ACTH and cortisol were drawn at 15 and 1 minute before and 5, 15, 30, 60,
90, 120, 150 and 180 minutes after administration of oCRH. Blood samples were collected in
pre-chilled tubes containing EDTA and were centrifuged and aliquoted promptly; plasma was
stored at −70C until assayed.

All assays were performed by Esoterix Inc. (Calabasas Hills, CA). Individual subjects had
samples from all of their tests run in the same assay.

CBG was measured directly by radioimmunoassay (RIA); the intra- and inter-assay coefficients
of variation (CV) were 7.8% and 11%, respectively. Estradiol was measured by RIA after
extraction with LH20 column chromatography in a modification of the procedure by Wu and
Lundy (1971). The intra-assay CV was 3.2%, and the inter-assay CV was 9.2%. Testosterone
was measured by RIA following extraction with column chromatography, with an intra-assay
CV of 7% and an inter-assay CV of 9%.

Cortisol was measured directly by RIA with intra- and inter-assay CVs of 3.9% and 8.3%,
respectively. The ACTH- immunoradiometric assay uses paired monoclonal and polyclonal
antibodies, reactive respectively with the N terminal and the C terminal regions of ACTH. The
intra-assay CV was 6.2%, and the inter-assay CV was 11%.

Statistics
Sample size for this repeated measures design was calculated in a power analysis performed
with NCSS PASS (Kaysville, UT) and based on a delta obtained in an earlier study (Roca et
al, 2003); a sample size of nine had an 80% power to detect the predicted differences as
significant at an alpha of 0.05.

To determine whether the hormonal conditions were successfully created, baseline levels of
testosterone and estradiol were compared with paired t-tests. Baseline measures of HPA axis
function (cortisol, ACTH, CBG, UFC) also were compared across hormonal conditions with
paired t-tests. Differences in CRH-stimulated ACTH and cortisol levels were assessed with
analysis of variance with repeated measures (ANOVA-R), with hormonal condition
(testosterone versus placebo replaced) and time (nine levels included the average of the pre-
CRH values and each of the post-CRH values) as within subjects variables. As each subject
had 18 data points (nine time points in each of two conditions), ANOVA-R (Systat; Port
Richmond, CA) was employed as the primary statistical comparison because it takes maximal
advantage of all of the data collected, unlike summary measures (e.g., area under the curve
[AUC], which may not discriminate between differences in the shape of the response curve).
The cortisol:ACTH ratio was used as a repeated measure to assess adrenal responsivity.
Bonferroni corrected post hoc comparisons were performed when the results of the ANOVA-
R were significant. Three additional summary measures of CRH-stimulated HPA axis function
were compared across the two hormonal conditions with paired t tests; AUC, stimulated peak
value (MAX), and difference between peak value and baseline [mean of the values 15 minutes
and immediately prior to CRH] (delta MAX). (AUC was calculated by a baseline-corrected
trapezoidal integration method.) Comparisons of these three measures were performed for both
ACTH and cortisol. The alpha (level of significance) was set at 0.017 to adjust for type I errors
associated with multiple comparisons.
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Pearson product moment correlation coefficients were calculated to determine if changes in
baseline levels of testosterone, estradiol, testosterone/estradiol ratio, or CBG across conditions
were associated with changes in stimulated measures of ACTH and cortisol (AUC, MAX, and
delta MAX). To further estimate the relative contributions of testosterone, estradiol, and CBG
to the variance of CRH-stimulated cortisol and ACTH levels across hormonal conditions, a
mixed effects regression analysis was performed with SAS Proc Mix (Cary, NC) with the
following factors included in the predictive model: hormone condition, time, testosterone,
estradiol, CBG. This procedure permits assessment of each of the in the presence of the effects
of the other variables of interest.

Results
Mean plasma testosterone levels were significantly lower during leuprolide plus placebo
compared with those obtained during the leuprolide plus testosterone condition (57 ng/dl vs.
783 ng/dl, (p < .001) (Table 1). Estradiol, like testosterone, was significantly higher and CBG
significantly lower during testosterone replacement, as expected (p < .01, and p < 01,
respectively) (Table 1). Baseline values of ACTH and cortisol did not differ across the
hormonal conditions. Urinary free cortisol (UFC) did not differ between the induced hormonal
conditions (although complete paired collections were obtained in only seven subjects). CRH-
stimulated cortisol was significantly decreased during the testosterone-replaced condition
(effect of condition, F1,9 = 7.39, p < .05) compared with the induced hypogonadal (relatively
testosterone deficient) condition created by leuprolide with placebo replacement (Fig 1).
Consistent with this finding, the maximum CRH-stimulated cortisol and the delta MAX were
significantly lower during testosterone replacement (p < .005 and p < .01, respectively), with
a trend for lower cortisol AUC (p = .057) also seen. Paradoxically, CRH-stimulated ACTH
was significantly increased during testosterone replacement compared with the placebo-
replaced hypogonadal condition (effect of condition, F1,9 = 5.22, p < .05) (Fig 1). While there
was a trend for the ACTH max to be increased during testosterone (p = .06), no differences
were seen in the delta MAX or AUC. No condition by time interactions were observed for
either CRH stimulated cortisol or ACTH. Significant effects of time were observed for both
cortisol and ACTH as expected. There was a trend for the cortisol/ACTH ratio, a measure of
adrenal sensitivity, to be lower during testosterone replacement (F1,9 = 4.23, p = .07), largely
reflecting the failure of the ratio to increase at the later time points in the testing (Fig 2). Changes
in cortisol and ACTH AUC, MAX and delta MAX from the hypogonadal to testosterone
replaced condition were not significantly correlated with changes across conditions in
testosterone, estradiol, CBG, or the ratio of testosterone to estradiol. The correlation between
changes in estradiol and AUC cortisol across conditions did reach a trend level of significance
(r = −.63, p = .054). A mixed effects regression model examined the contributions of
testosterone, estradiol, and CBG, alone and in combination, to the variance of stimulated
cortisol and ACTH. No individual effects were seen for CBG or estradiol, and a trend was seen
for a significant contribution of testosterone to the variance of cortisol (over time and across
conditions). When CBG was removed from the full model (given the weakness of its
contribution), the effect of testosterone surpassed significance levels (F1,131 = 3.97, p < .05).
No effect of testosterone, estradiol, or CBG was seen on stimulated ACTH.

Discussion
Prior studies suggest that young men have an enhanced cortisol (Collins et al, 1978; Forsman
et al, 1982; Polefrone et al, 1987; Kirschbaum et al, 1992; Kirschbaum et al, 1995)) [but also
see (Gallucci et al, 1993; Stoney et al, 1987; Heuser et al, 1994)] and ACTH (Kirschbaum et
al, 1999; Kudielka et al, 2004) response to cognitive and pharmacologic stressors relative to
women, presumed to represent a suppressive effect of estradiol or an augmenting effect of
testosterone. In contrast, our data demonstrate that the effect of testosterone in young men is
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to inhibit rather than augment the cortisol response to CRH stimulation. Compared with the
leuprolide-induced hypogonadal state, testosterone replacement produced a blunted cortisol
response, decreased AUC, as well as decreased cortisol MAX and delta MAX. These findings
are consistent with studies in rodents revealing a suppressive rather than enhancing effect of
testosterone on stimulated HPA axis activity (Handa et al, 1994; Bingaman et al, 1994). A
variety of central mechanisms (decreased CRH, decreased AVP, increased glucocorticoid
receptor [GR] concentrations) have been postulated to underlie the suppressive effects of
testosterone in rodents, with recent data suggesting that testosterone suppresses stimulated
cortisol secretion through its metabolite 3 beta androstanediol, which acts through ER beta in
the PVN, but not through ER alpha or the androgen receptor (Lund et al, 2004) (RJ Handa,
personal communication, 4/19/2004). The surprising finding in our study of increased ACTH
during testosterone replacement, however, localizes the suppressive effects on cortisol to the
periphery.

A possible explanation for reduced stimulated cortisol in the face of increased ACTH is
decreased adrenal sensitivity. In fact, as measured by the cortisol: ACTH ratio, adrenal
sensitivity tended to decrease on testosterone + leuprolide relative to placebo + leuprolide, with
the reduction primarily reflecting the two fold decrease in the ratio at time points 120–150,
again suggesting diminished cortisol response to ACTH. Reductions in adrenal sensitivity have
been postulated to explain similar cortisol values in young men and women despite
significantly elevated ACTH levels in the young men (Roelfsema et al, 1993; Horrocks et al,
1990; Kudielka et al, 2004). The present data would suggest even greater modulation of adrenal
sensitivity by testosterone, as not only is ACTH significantly higher, but cortisol is significantly
lower compared with the hypogonadal state. The effect of testosterone on cortisol, however,
appears to be confined to stimulated levels, as no difference in either basal cortisol or urinary
free cortisol was observed across the induced hormonal conditions. Using dispersed inner
adrenocortical cells, Nowak et al. (1995) showed that testosterone inhibited ACTH-stimulated
but not basal corticosterone output in vitro. As testosterone reduced both pregnenolone and
(particularly) post-pregnenolone steroid levels in this model, both the conversion of cholesterol
to pregnenolone and the activities of several steroidogenic enzymes (3betaHSD, P450C21, and
P450C11) appear to be inhibited (Stalvey, 2002). Stalvey (2002) similarly demonstrated a
reduction by testosterone of 3 beta HSD activity, immunoreactivity, and m-RNA in cultured
mouse adrenal cells under both basal and stimulated conditions. The restriction of the effects
of testosterone in the current results to (ACTH) stimulated rather than basal conditions (Nowak
et al, 1995) suggests that testosterone may interfere with ACTH signaling at the adrenal. While
testosterone-related decreases in ACTH bioactivity have been observed in vitro (Coyne et al,
1969), the resultant decrease in cortisol would be expected under basal conditions, which was
not observed in this study.

Downstream effects of the removal and administration of testosterone may have contributed
to the results observed in this study. Testosterone replacement was associated with significant
increases in estradiol (393%) and decreases in CBG (18%). While decreased CBG could
account for lower stimulated cortisol values during testosterone administration, the changes in
CBG across hormonal conditions were not significantly correlated with changes in the
summary measures of HPA axis function (AUC, MAX, delta MAX); further, the mixed effects
regression analysis demonstrated that CBG did not account for a significant portion of the
variance of stimulated cortisol or ACTH when testosterone and estradiol were included in the
model. The effects of estradiol on cortisol secretion are complex. In ovariectomized animals,
inhibition of HPA axis responses to stressors is seen with short-term, physiological levels of
estradiol replacement (Redei et al, 1994; Young et al, 2001; Dayas et al, 2000; Komesaroff et
al, 1998), while higher doses and longer treatment regimens enhance HPA axis reactivity to
stressors (Burgess et al, 1992; Carey et al, 1995; Viau et al, 1991). We observed a significant
negative correlation between the increase in estradiol (but not testosterone) and the decrease
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in cortisol AUC from the hypogonadal to the testosterone replaced condition. The consequent
suggestion that testosterone inhibition of stimulated cortisol is mediated by the testosterone
metabolite estradiol is contradicted by several factors. First, while data are inconsistent, many
in vitro and in vivo studies are convergent in showing that estradiol enhances rather than inhibits
corticosteroid secretion at the level of both the adrenal (Nowak et al, 1995; Fukui et al,
1961; Kitay, 1961) and the pituitary (Kitay, 1963; Lund et al, 2004; McCormick et al, 2002;
Giussani et al, 2000). Second, consistent with this possibility (and more immediately relevant)
is the demonstration by Kirschbaum et al. (1996) of increased cognitive stress stimulated
cortisol (and ACTH) secretion during short term estradiol administration to young men;
increased mean plasma cortisol concentrations during estradiol administration were also
observed in castrated male macaques (Norman et al, 1992). Finally estradiol did not account
for a significant part of the variance of stimulated cortisol if testosterone was included in the
regression model. Indeed, only testosterone was found to account for a significant part of the
variance of stimulated cortisol secretion.

The increased stimulated ACTH secretion during testosterone replacement could reflect
decreased feedback inhibition or increased corticotroph sensitivity to CRH. While both
testosterone and estradiol modulate glucocorticoid receptor activity in brain regions mediating
restraint of the HPA axis (Burgess et al, 1992; Carey et al, 1995; Redei et al, 1994; Peiffer et
al, 1991), a more parsimonious explanation suggests that the blunted cortisol secretion during
testosterone administration results in less restraint on ACTH secretion, consistent with the
greatest difference in the cortisol: ACTH ratios between conditions occurring from 120–180
minutes. Similarly, a central action of testosterone or estradiol should appear as increased basal
ACTH levels and would not be apparent with exogenous CRH stimulation (or would appear
as blunting due to CRH receptor down regulation at the corticotroph).

As an alternative explanation, the increase in CRH-stimulated ACTH during testosterone
replacement could represent the effects of increased levels and activity of vasopressin (AVP)
in the paraventricular nucleus (PVN), which would augment the response to endogenous or
exogenous CRH. Such an augmentation of AVP by testosterone was postulated by Rubin et
al. (1999) to explain the increased ACTH response to cholinergic stimulation seen in men
compared with women. Testosterone regulates AVP synthesis and receptor activity in several
brain regions critical to HPA axis control, including the PVN and medial preoptic area (Viau
et al, 1991; DeVries et al, 1985; Viau et al, 1996). Results from several earlier studies in animals
would have predicted decreased rather than the increased ACTH response to testosterone that
we observed (Viau et al, 1996; Kitay, 1963; Handa et al, 1994; Miskowiak et al, 1988).
Nonetheless, the findings of Viau (1999; 1996), Patchev (1996) and others suggest that the
effects of testosterone on AVP (and subsequent effects on ACTH) are complex and differ
according to brain region (e.g., PVN vs. MPOA), paradigm (basal vs stress [type-dependent]-
stimulated), gender and species. Despite compelling evidence in the literature for both central
and peripheral regulatory effects of testosterone on the HPA axis (Handa et al, 1994; Viau et
al, 1999), the changes in cortisol in our study would appear to represent a peripheral effect of
testosterone (although additional effects on endogenous CRH secretion clearly cannot be ruled
out).

In conclusion, we have shown that testosterone regulates CRH-stimulated HPA axis activity
in men. Similar to findings in animal studies, CRH-stimulated cortisol was decreased during
testosterone-replaced compared with hypogonadal conditions. The concomitant increase in
ACTH suggests that the decrease in stimulated cortisol levels by testosterone or its metabolites
is mediated at the level of the adrenal gland. While provocative, these results must be viewed
with caution. Notwithstanding the value of the repeated measures design, the sample size is
small, and the differences observed across hormonal conditions, while significant, are small
in magnitude (particularly the ACTH results) and of unclear clinical significance. Nonetheless,
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our findings complement our earlier demonstration of the regulatory role of progesterone on
the HPA axis in women (Roca et al, 2003) and suggest that, as in animals, the reproductive
axis actively participates in the regulation of the stress axis and is not merely acted on by it.
While the effects observed in this study are quite modest, they demonstrate that the enhanced
stimulated HPA axis activity previously described in young men compared with young women
cannot be ascribed to an activational upregulation of the axis by testosterone. Finally, the
potential health implications of the removal of restraint on stress-stimulated cortisol secretion
during the hypogonadism of aging deserve examination.
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Fig 1.
CRH-stimulated cortisol and ACTH levels (mean ± SE) during hypogonadal (leuprolide plus
placebo) and testosterone replaced (leuprolide plus testosterone) conditions in men.
Significantly lower stimulated cortisol levels (p < .05) and significantly higher stimulated
ACTH levels (p < .05) are seen during testosterone administration.
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Fig 2.
Ratio of CRH-stimulated cortisol and ACTH values (mean ± SE) during induced hypogonadal
(leuprolide plus placebo) and testosterone replaced (leuprolide plus testosterone) conditions.
A trend is seen for lower cortisol:ACTH ratios during the testosterone replacement condition.
This trend suggests that testosterone reduces the adrenal response to ACTH.
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Table 1
Effects of Leuprolide with or without testosterone add-back on basal and CRH-stimulated hormonal measures.
Values are shown as mean (SD).

Leuprolide + Placebo Leuprolide + Testosterone T-test

Testosterone (ng/dl) 57.00 (63.91) 783.00 (413.54) 5.50, p < .001
Estradiol (pg/ml) 0.75 (0.22) 3.32 (1.33) 6.08, p < .001
UFC (μg/24hr) 47.57 (17.27) 55.14 (35.91) 0.86, ns
CBG (ng/dl) 2.93 (0.38) 2.4 (0.52) 3.54, p < .01
ACTH baseline 13.12 (4.27) 15.97 (10.03) 1.31, ns
ACTH AUC* 4308.55 (3545.15) 4426.15 (2532.89) 0.24, ns
ACTH MAX* 54.76 (31.30) 61.08 (30.22) 2.14, p < .1
ACTH ΔMAX* 41.64 (29.89) 45.11 (23.70) 1.21, ns
CORT baseline 10.43 (2.95) 10.53 (3.09) 0.12, ns
CORT AUC* 1903.18 (579.04) 1602.20 (345.03) 2.18, p < .1
CORT MAX* 25.75 (3.17) 22.93 (3.24) 3.90, p < .01
CORT ΔMAX* 15.32 (3.32) 12.40 (1.73) 3.48, p < .01

*
Values obtained after CRH stimulation; all others are unstimulated values ACTH values – pg/ml; cortisol values – ug/dl

Conversion factors to SI units are as follows: testosterone × 3.467 = nmol/L; estradiol × 3.4671 = pmol/L; UFC × 2.759 = nmol/d; CBG, cortisol binding
globulin × 18.868 = nmol/L; ACTH × 2.2202 = pmol/L; cortisol × 27.59 = nmol/L
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