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Abstract

Background: Symptoms of hyperandrogenism are common in patients with Cushing's disease (CD), yet they are not
sufficiently explained by androgen concentrations. In this study, we analyzed the contribution of 11-oxygenated C19
steroids (110xC19) to hyperandrogenemia in female patients with CD.

Methods: We assessed saliva day profiles in females with CD pre (n = 23) and post (n = 13) successful transsphenoidal
surgery, 26 female controls, 5 females with CD treated with metyrapone and 5 treated with osilodrostat for cortisol,
cortisone, androstenedione (A4), 11-hydroxyandrostenedione (110HA4), testosterone (TS), 11-ketotestosterone (11KT),
as well as metabolites of classic and 11-oxygenated androgens in 24-h urine. In addition, morning baseline levels of
gonadotropins and estradiol, sex hormone-binding globulin, cortisol and dehydroepiandrosterone sulfate (DHEAS) in
serum and adrenocorticotrophic hormone in plasma in patients and controls were investigated.

Results: Treatment-naive females with CD showed a significantly elevated area under the curve of 110HA4 and 11KT
in saliva throughout the day compared to controls (11OHA4 mean rank difference (mrd) 18.13, P=0.0002; 11KT

mrd 17.42; P =0.0005), whereas A4, TS and DHEAS were comparable to controls. Gonadotropin concentrations were
normal in all patients with CD. After transsphenoidal surgery, 110xC19 and their metabolites dropped significantly in
saliva (1TOHA4 P < 0.0001; 11KT P =0.0010) and urine (11-oxo-androsterone P =0.0011; 11-hydroxy-androsterone

P < 0.0001), treatment with osilodrostat and metyrapone efficaciously blocked 110xC19 synthesis.

Conclusion: Hyperandrogenemia in CD is predominantly caused by excess of 110xC19 steroids.
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Introduction

Cushing’s syndrome (CS) is characterized by typical
signs and symptoms of excessive hypercortisolism with
subsequent loss of normal feedback mechanisms of the
hypothalamic-pituitary-adrenal (HPA) axis and cortisol
circadian rhythmicity (1). In up to 80% of cases, it is the
result of excessive adrenocorticotrophic hormone (ACTH)

secretion mostly by pituitary adenomas, referred to as
Cushing’s disease (CD) (2, 3, 4).

First-line therapy in CD is surgical resection of the
adenoma, mostly transsphenoidal adenomectomy.
However, remission is only achieved in about 71-80% (5,
6). Medical therapy is an option if surgery is not successful
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and includes pituitary-directed drugs, glucocorticoid
receptor-directed drugs and adrenal-directed drugs, such
as metyrapone and osilodrostat, which both inhibit
steroidogenesis (5, 7).

In our study, the focus is set on hyperandrogenemia
in CD. Menstrual irregularities, acne, hirsutism and
telogen effluvium are common symptoms in patients
with CD often resembling the clinical phenotype of
polycystic ovary syndrome (PCOS). Hyperandrogenism
in CD is owing to multiple causes. One main reason is
that hyperandrogenemia is thought to be the result of
a direct elevation of adrenal androgens due to ACTH
stimulation (8, 9, 10, 11, 12). The dominant role of ACTH
in the regulation of adrenal androgens readily explains the
differences in concentrations of androgen precursors as
androstenedione (A4), dehydroepiandrostendione (DHEA)
(13) and dehydroepiandrosterone-sulphate (DHEAS) in
different subtypes of CS with the highest concentrations of
adrenal androgens in CS due to ectopic ACTH production
and low-to-suppressed adrenal androgens in CS due to
an adrenal adenoma (10, 14). However, the symptoms of
hyperandrogenism in CD are not sufficiently explained
by the measured androgen concentrations. Instead, there
seems to be a clear dissociation of cortisol and adrenal
androgen secretion in CD. In most patients with CD,
DHEAS concentrations have been found to be in the high
normal range but only rarely elevated (12). In addition, no
difference in adrenal androgen concentrations has been
observed in hirsute and non-hirsute females with CD (12).
Lado-Abeal et al. found significant and inverse correlations
of serum estradiol (E2) and serum cortisol levels, but no
correlation was observed with serum androgens with
menstrual irregularities in females with CD (15). They
concluded that menstrual irregularities in CD are the
result of hypercortisolemic inhibition of gonadotropin
release acting at the hypothalamic level, rather than raised
androgen concentrations (15), although they did not find
altered gonadotropin concentrations.

We hypothesized that the main drivers of the
hyperandrogenic phenotype in patients with CD might
be elevated concentrations of 11-oxygenated C19 adrenal-
derived steroids (110xC19). The synthesis of these 110xC19
steroids requires 11g-hydroxylase (CYP11B1) which means
that they are adrenal-specific and stimulated by ACTH (16).
11-Ketotestosterone (11KT) and 11-ketodihydrotestosterone
(11KDHT) have been shown to be active androgens with
equal potency at the androgen receptor as testosterone
(TS) and dihydrotestosterone (DHT), respectively (17).
As osilodrostat and metyrapone inhibit CYP11B1, we
also analyzed the effect of osilodrostat and metyrapone
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treatment on the concentrations of 110xC19 steroids in
patients with CD.

This is the first study to investigate the significance of
11-oxygenated androgensin CD pre and post transspenoidal
surgery and under metyrapone and osilodrostat.

Subjects and methods

Subjects

Patients were recruited from the Endocrine Outpatient
Clinic of the University Hospital Munich, Germany. All
patients had clinically and biochemically confirmed CD
and provided written informed consent to participate
in the German Cushing’s Registry (NeoExNET, ethical
approval no. 152-10, ethics committee of the medical
faculty of the Ludwig Maximilians University Munich).
The control group was selected from the control group
of the German Cushing’s Registry (overweight to obese
females (median BMI 26.7 kg/m? (IQR: 8.8), medium age of
31.5 years (IQR: 17.0), who underwent extensive exclusion
of hypercortisolism by 24-h urine, salivary cortisol and
dexamethasone suppression test (DST)).

This study included 59 females of which 23 were
patients with treatment-naive CD, S patients with CD and
treatment with osilodrostat and S patients on metyrapone
(1 patient received metyrapone first and later osilodrostat;
1 patient received a combination of metyrapone and
ketokonazole) and 26 healthy female controls.

Saliva samples (Salivettes; Sarstedt, Niimbrecht, DE,
Germany) at five timepoints (Tn) throughout the day,
namely 08:00, 12:00, 16:00, 20:00 and 22:00 h) and 24-h
urine were collected according to a standardized protocol.

Incomplete data sets in saliva samples made up
39.0% and were mainly attributed to sporadic analytical
interference in data analysis or insufficient sample volume
in single samples of the day profile. For values lower
than the lower limit of quantitation (LLOQ), values were
equated to the respective LLOQ.

Steroid hormone analysis

A validated liquid chromatography-mass spectrometry
(LC-MS/MS) assay was used for the simultaneous
measurement of cortisol, cortisone, TS, A4,
118-hydroxyandrostenedione (110HA4) and 11KT in
saliva as previously described (14, 18, 19).

Gas chromatography-mass spectrometry (GC-MYS)
analysis was used to quantify concentration of steroid

https://eje.bioscientifica.com


https://eje.bioscientifica.com

European Journal of Endocrinology

Original Research H F Nowotny and others

metabolites (TS; An, androsterone; 11-O-An, 11-oxo-
androsterone and 11-OH-AN, 11-hydroxy-androsterone) in
24-h urinary specimens as previously described (20, 21, 22).

Blood concentrations of luteinizing hormone (LH),
follicle-stimulating hormone (FSH), E2, sex hormone-
binding globulin (SHBG), DHEAS, cortisol, ACTH and TS
were analyzed using the following assays and reference
ranges: SHBG 21-138 nmol/L; DHEAS 0.2-4 pg/mL; cortisol
1.8-24 pg/dL; ACTH 4-61 pg/mL; total TS 14-69 ng/dL. TS
and SHBG: CLIA, IDS-iSYS, Immunodiagnostic Systems,
Boldon, UK; DHEAS, cortisol and ACTH: CLIA, Liaison,
DiaSorin, Saluggia Italy.

Statistical analysis

Data were tested for normality using the Shapiro-Wilk test.
Column statistics were calculated using GraphPad Prism
(median, interquartilerange (IQR), mean, S.E.M., quartiles).
Normally distributed data were analyzed using unpaired
TS-test or one-way ANOVA. Non-normally distributed data
were analyzed using Mann-Whitney test or Kruskal-Wallis
test and Dunn’s multiple comparisons test. Area under the
curve (AUC) was calculated with baseline Y=0, positive
peak direction and ignoring peaks that are less than 10%
of the distance from minimum to maximum Y using
GraphPad Prism. For correlation analysis, Spearman’s
correlation coefficient was computed for non-parametric
data. The CI was defined as 95% and a P-value of <0.05
was considered statistically significant P < 0.05 (< 0.05
(*), £ 0.01 (**), < 0.001 (***), < 0.0001 (****)). Statistical
analysis and graphical presentation were carried out using
GraphPad Prism 7.03 and Adobe Illustrator 2020.

Results

Characteristics of study participants

Patients presented with CD (confirmed by urinary free
cortisol (UFC) (median: 6651g/24 h (IQR: 516) and DSTwith
median cortisol of 12.4 pg/dL (IQR: 11.8)) due to pituitary
adenoma, in most cases microadenoma. All patients
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underwent transsphenoidal surgery as a first treatment
option, with a successful outcome in 13/23 cases. Patients
with persistence of the disease were successfully treated
with metyrapone (median dose of 1625 mg/day (IQR: 1125),
median UFC: 42.2 pg/24 h (IQR: 125.4)) or osilodrostat (4
mg/day (IQR: 8.5), median UFC 60.8 ng/24 h (IQR: 152.4)).

As depicted in Table 1, the median age was 43.0 years
(IQR: 18.0) in CD patients treated with osilodrostat, 47.0
years (IQR: 16.0) in patients treated with metyrapone, 37.0
years (IQR: 13.0 years) in treatment-naive CD patients and
31.5 years (IQR: 17.0) in female controls. The age of CD
patients treated with metyrapone was higher than that in
healthy controls (Dunn’s multiple comparisons test mean
rank difference=23.96, P=0.0255).

Median BMI was comparable between all groups
(P =0.3517): 29.7 kg/m? (IQR: 5.3) in osilodrostat treated
patients, 34.8 kg/m? (IQR: 12.5) in metyrapone-treated
patients, 29.3 kg/m? (IQR: 10.2), in treatment-naive CD
patients and 26.7 kg/m? (IQR: 8.8) in controls.

Median morning ACTH of treatment-naive CD
patients was 51.0 pg/mL (IQR: 50.0) vs 10.0 pg/mL (IQR:
7.8) in controls, P < 0.0001); median morning cortisol in
serum was 20.7 nmol/L (IQR: 10.2) vs 10.2 nmol/L (IQR:
9.3) in healthy controls, P < 0.0001.

110xC19 steroids are the main androgens in
patients with CD

A clear elevation of 11KT and 110OHA4 concentrations over
the whole day was observed in treatment-naive patients
(compare Fig. 1C, D and Table 2) compared to controls with
an unusual nighttime increase in 110xC19 concentrations,
while median A4 and TS levels were not significantly
different (compare Fig. 1A, B and Table 2).

This is emphasized by a significant increase of the
respective AUCs of 11KT and 110HA4 in treatment-naive
patients with CD compared to healthy controls (Fig. 2D,
E and Table 3; median 11KT-AUC in treatment-naive CD
853.2 pmolxt(n)/L (IQR: 731.8) vs 334.7 pmolxt(n)/L
(IQR: 321.7) in controls, P < 0.0001; median 110HA4-AUC
2484.0 pmolxt(n)/L (IQR: 2122.0) vs 530.4 pmolxt(n)/L

Table 1 Patient characteristics. Values are presented as median (IQR).

Osilodrostat Metyrapone Treatment naive Controls P-value
n 5 5 23 26
Age, years 43.0(18.0) 47.0 (16.0) 37.0 (13.0) 31.5(17.0) 0.0210
BMI (kg/m?) 29.7 (5.3) 34.8 (12.5) 29.3(10.2) 26.7 (8.8) 0.3517
UFC (pg/24 h) 60.8 (152.4) 42.2 (125.4) 665 (516) WRR 0.0001
DST (pg/dL) 12.4(11.8) WRR

DST, dexamethasone suppression test; UFC, urinary free cortisol; WRR, within reference range.
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Figure 1

Levels of 110xC19 steroids 11KT and 110HA4 are elevated in
treatment-naive CD patients compared to controls, while
classical androgens are elevated under metyrapone
treatment. (A) TS, (B) A4, (C) 11KT and (D) 110HA4
measurements (pmol/L) of CD patients without treatment

(n =23), on treatment with osilodrostat (n = 5) or with
metyrapone (n =5) and those of healthy female controls

(n =26) are plotted at five different timepoints throughout the
day (Tn 1-5). Data are presented as median and IQR. The
reference interval for TS and A4 is shaded in gray .

(IQR: 336.0), P < 0.0001). However, there was no significant
difference between AUCs of classical androgens TS or A4
and controls (median AUC of TS in treatment-naive CD
patients 92.2 pmolxt(n)/L (IQR: 170.0) vs 112.7 pmolxt(n)/L
(IQR: 205.5) in controls, P=0.9813; median AUC of A4 in
treatment-naive CD patients 858.2 pmolxt(n)/L (IQR:
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1040.7) vs 476.6 pmolxt(n)/L (IQR: 431.8) in controls,
P=0.0796; compare Fig. 2A, B and Table 3). DHEAS levels in
serum were not significantly different in treatment-naive
CD patients vs controls (median in treatment-naive CD
patients 3.3 pmol/L (IQR: 3.2) vs 1.6 pymol/L (IQR: 0.5) in
controls, P=0.0708; compare Fig. 2C).

Of the 23 patients with treatment-naive CD, 6
patients presented with no hyperandrogenic symptoms,
6 with 1 symptom, 6 with 2 symptoms, 4 patients with
3 symptoms and only 1 patient with all 4 symptoms
of clinical hyperandrogenism. A positive trend, but no
significant positive correlation between the symptoms of
hyperandrogenism and 110xC19 steroids was detected.

Correlation of cortisol/cortisone concentrations
with ACTH, E2 and gonadotropin concentrations
and androgens in CD patients

AUC of salivary cortisol correlated significantly with
110HA4 (r=0.5049, P=0.0408), A4 (r=15941, P=0.0172)
and ACTH (r=0.4640, P=0.0454), while there was no
significant correlation to 11KT (r=0.1863, P=0.4727), TS
(1=0.4294, P=0986), gonadotropins (LH r=-0.2239,
P=0.4016; FSH r=0.0339, P=0.9020), E2 (r=-0.2107,
P=0.4499), SHBG (r=-0.5324, P=0.0775) and DHEAS
(r=0.5364, P=0.0939) as demonstrated in Fig. 3 and
Table 4. Serum cortisol levels showed a significant
correlation with 110HA4 (r=0.5000, P=0.0293; data not
shown). As salivary cortisone was demonstrated to be a
more accurate estimate for serum cortisol concentrations,
we also included a correlation analysis of all hormones
with AUC of salivary cortisone (23). We confirmed the
positive correlation of AUC of salivary cortisone with

Table2 Comparison of TS, A4, 11KT and 110HA4 concentrations at timepoints 1-5 in treatment-naive CD patients vs controls.
Median (IQR) of treatment-naive CD patients (Tn) vs controls (C) in pmol/L.

Timepoint TS P A4 P 11KT P 110HA4 P

1 0.3998 0.0553 0.0002 0.0002
Tn 32.4 (45.8) 280.0 (216.0) 290.2 (206.0) 807.4 (874.1)
C 26.0 (33.9) 146.4 (141.2) 129.2 (136.4) 442.1 (370.9)

2 0.8969 0.2995 0.0004 0.0001
Tn 28.6 (55.6) 208.9 (249.2) 200.0 (235.8) 542.3 (537.9)
C 28.7 (51.7) 130.9 (168.0) 115.9 (111.1) 165.4 (244.5)

3 0.4519 0.7434 0.0036 0.0001
Tn 20.2 (46.6) 160.9 (184.4) 137.2 (163.0) 378.4 (426.5)
C 27.1(60.8) 145.4 (182.4) 91.34(79.4) 123.5(119.2)

4 0.8229 0.2082 0.0001 0.0001
Tn 20.0 (39.2) 179.1 (275.9) 168.3 (209.0) 421.0 (550.0)
C 25.0 (44.9) 113.1 (135.3) 44.2 (64.9) 49.6 (69.4)

5 0.8907 0.0601 0.0001 0.0001
Tn 28.3 (49.8) 198.9 (289.1) 187.2 (187.8) 734.0 (912.6)
C 30.0 (46.1) 1163 (121.1) 23.6 (44.3) 45.0 (33.9)
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Figure 2

Levels of 110xC19 AUCs are elevated in
treatment-naive CD patients compared to
controls, while AUC of A4 is elevated
under metyrapone treatment. AUCs of all
CD patients without treatment (n = 23),
on treatment with osilodrostat (n =5) or
with metyrapone (n =5) and those of
healthy female controls (n = 26) were
calculated. Data sets with missing TP1 or
TP5 were excluded from AUC calculation.
The five box plots represent the AUCs of
(A) TS, (B) A4, (C) DHEAS, (D) 11KT and (E)
= 110HA4. Kruskal-Wallis test and Dunn'’s

ACTH (r=0.7344, P=0.0017), A4 (r=0.6893, P=0.0057)
and 110HA4 concentrations (r=0.6529, P=0.0074) as
well as a positive correlation with DHEAS concentrations
in serum (r=0.7167, P=0.0369) as shown in Fig. 3 and
Table 4.

Transsphenoidal surgery of patients with
Cushing's disease due to pituitary adenoma
efficaciously decreases 110xC19 concentrations

Salivary profiles after transsphenoidal surgery revealed an
efficacious reduction of 110xC19 concentrations compared
to pre-operative steroid AUC (compare Fig. 4A; 110HA4
pre-operative 2484.00 pmolxt(n)/L (IQR: 2122.00) vs
post-operative 196.00 pmolxt(n)/L (IQR: 293.80) with
P < 0.0001 and 11KT pre-operative 853.20 pmolxt(n)/L
(IQR: 731.80) vs post-operative 297.00 pmolxt(n)/L (IQR:
536.80) with P=0.0010), but there was no significant
difference between AUC of classical androgens (TS
pre-operative 92.18 pmolxt(n)/L (IQR: 196.96) vs post-
operative 137.50 pmolxt(n)/L (IQR: 242.75) with P=0.6690

Table3 Comparison of AUC of TS, A4, 11KT and 110HA4 in
treatment-naive CD patients (Tn) vs controls (C). Values are
median AUC (IQR).

multiple comparisons test were used for
statistical analysis. P-value < 0.05 (*),
<0.01 (**), <0.001 (*¥**).
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Figure 3

AUC of 110xC19 steroids correlate with cortisol/cortisone
levels in treatment-naive CD patients. AUCs of (A and C)
11KT and (B and D) 110HA4 of all CD patients without
treatment (n = 23) were calculated. Data sets with missing
TP1 or TP5 were excluded from the AUC calculation.
Correlation of 110xC19 steroids with (A and B) cortisol and
(C and D) cortisone was calculated. For non-parametric data
analysis, Spearman'’s correlation coefficient was computed.
The black line indicates the line of best fit (unknowns are
interpolated from standard curve) and the dotted lines
represent the 95% Cl. P < 0.05 (< 0.05 (*), < 0.01 (*%), <
0.001 (***), < 0.0001 (****)).
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Table 4 Correlation of cortisol and cortisone with other
hormone parameters in treatment-naive CD patients.
Statistically significant values are presented in bold.

Cortisol Cortisone
rt P rt P

LH (U/L) —0.2239 0.4016 —0.2503 0.4066
FSH (U/L) 0.0339 0.9020 0.0220 0.9493
E2 (pg/mL) —-0.2107 0.4499 —-0.2168 0.4990
SHBG (nmol/L) —0.5324 0.0775 —0.0500 0.9116
ACTH (pg/mL) 0.4640 0.0454 0.7344 0.0017
DHEAS (umol/L) 0.5364 0.0939 0.7167 0.0369
Saliva AUC, pmolxt(n)/L

TS 0.4294 0.0986 0.4786 0.0735

A4 0.5941 0.0172 0.6893 0.0057

T1KT 0.1863 0.4727 0.4176 0.1089

110HA4 0.5049 0.0408 0.6529 0.0074

fSpearman’s correlation coefficient.

and A4 pre-operative 858.20 pmolxt(n)/L (IQR: 1040.70)
vs post-operative 739.50 pmolxt(n)/L (IQR: 861.00) with
P=0.3719). This marked elevation of 110xC19 steroids pre-
surgery and significant reduction post-surgery correlated
with the post-surgical reduction in ACTH (delta AUC
110HA4 vs delta ACTH, P=0.0097; delta AUC 11KT vs
delta ACTH, P=0.0475) and was confirmed in 24-h urinary
steroid metabolite analysis (compare Fig. 4B; 11-OH-AN
pre-operative 800.4 ng/24 h (IQR: 554.1) vs post-operative
122.4 pg/24 h (IQR: 173.77) with P < 0.0001 and 11-O-AN
pre-operative 79.0 pg/24 h (67.7) vs post-operative 27.68
pg/24 h (IQR: 45.43) with P=0.0011).

Osilodrostat treatment reduces androgen
concentrations more efficaciously compared
to metyrapone

In addition, we investigated the effect of steroidogenesis
inhibitors osilodrostat and metyrapone on concentrations
of classical and 110xC19 steroids.

Concentrations of 110xC19 steroids were normalized
with equal efficacy by osilodrostat and metyrapone (Fig. 2D
and E, median 11KT in treatment-naive CD patients (853.2
pmol/L, IQR 731.8) vs metyrapone (251.0 pmol/L (IQR:
237.4) P=0.0096) and vs osilodrostat group (261.5 pmol/L
(IQR: 282.8) P=0.0375); median 110HA4 in treatment-
naive CD patients (2484.0 pmol/L, IQR: 2122.0) vs
metyrapone (461.5 pmol/L, IQR: 500.9, P=0.0072) and vs
osilodrostat group (492.0 pmol/L, IQR: 642.7, P=0.0304)).

In patients on metyrapone, but not on osilodrostat,
classical androgens - especially A4 - were markedly
elevated throughout the whole day compared to healthy
controls and treatment-naive CD patients (Figs 1A, B, 2B
and Table 5, median A4 on metyrapone (2266 pmol/L
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Figure 4

110xC19 levels are significantly reduced after transsphenoidal
surgery. (A) Salivary AUCs of TS, A4, 110HA4 and 11KT of all CD
patients without treatment ( gray boxes, n = 23) were calculated
and compared to AUCs of TS, A4, 110HA4 and 11KT after
successful transsphenoidal surgery (white boxes, n =13/23).
Mann-Whitney test was used for statistical analysis of pre- vs
postoperative measurements. (B) 24-h steroid metabolite
analysis was performed in 14 CD patients before ( gray boxes)
and 7 patients after (white boxes) transsphenoidal surgery.
Urinary metabolites of classical androgens included An,
androsterone and TS, testosterone. Urinary metabolites of
110xC19 androgens included measurement of 11-OH-AN,
11-hydroxy-androsterone and 11-O-AN, 11-oxo-androsterone.
Wilcoxon matched-pairs signed-rank test was used for statistical
analysis of pre- vs postoperative measurements. Data are
presented as a boxplot diagram including median and IQR. P <
0.05 (< 0.05 (*), < 0.01 (**), < 0.001 (***), < 0.0001 (*¥***)),
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Cushing's disease

Table5 Comparison of TS and A4 concentrations at timepoints 1-5 in metyrapone- or osilodrostat-treated patients vs
treatment-naive CD patients or and vs controls. Values are presented as median (IQR).

TS (pmol/L) A4 (pmol/L)
i i Metyrapone Osilodrostat Metyrapone Osilodrostat

Timepoint Values P Values Values P Values P
1

TP 68.0 (44.5) 32.0 (47.5) 322.0 (614.5) 234.0 (305.0)

Tn 32.4 (45.8) 0.5338 32.4 (45.8) >0.9999 280.0 (216.0) 0.4389 280.0 (216.0) >0.9999

C 30.7 (44.0) 0.4331 30.7 (44.0) >0.9999 166.9 (137.8) 0.0391 166.9 (137.8) >0.9999
2

TP 62.0 (58.0) 27.0(31.5) 276.0 (696.0) 281.5(150.3)

Tn 28.6 (55.6) 0.8627 28.6 (55.6) >0.9999 208.9 (249.2) 0.4147 208.9 (249.2) >0.9999

C 33.9(51.7) >0.9999 33.9(51.7) >0.9999 155.7 (167.7) 0.1199 155.7 (167.7) 0.9158
3

TP 65.5 (39.0) 28.0(26.5) 697.5 (284.8) 195.0(211.0)

Tn 20.2 (46.6) 0.2696 20.2 (46.6) >0.9999 160.9 (184.4) 0.0148 160.9 (184.4) >0.9999

C 27.1(58.4) 0.8532 27.1(58.4) >0.9999 154.1 (194.9) 0.0109 154.1 (194.9) >0.9999
4

TP 68.0 (33.5) 38.0 (44.0) 691.0 (751.0) 229.0 (192.0)

Tn 20.0(39.2) 0.0382 20.0(39.2) >0.9999 179.1 (275.9) 0.0402 179.1 (275.9) >0.9999

C 27.6 (55.4) 0.1512 27.6 (55.4) >0.9999 116.9(211.3) 0.0056 116.9(211.3) >0.9999
5

TP 61.5(48.8) 30.0(30.5) 370.0 (473.3) 182.0(239.0)

Tn 28.3(49.8) 0.3576 28.3(49.8) >0.9999 198.9 (289.1) 0.6719 198.9 (289.1) >0.9999

C 32.7(52.2) 0.5995 32.7(52.2) >0.9999 126.2(112.6) 0.0866 126.2(112.6) >0.9999

C, controls; Tn, treatment-naive CD patients; TP, metyrapone- or osilodrostat-treated patients.

(IQR: 2072)) vs healthy controls (476.6 pmol/L (IQR: 431.8),
P=0.0013 and vs treatment-naive CD 858.2 pmol/L (IQR:
1040.7) P=0.0365). Interestingly, median concentration
of DHEAS on osilodrostat was reduced (0.3 pmol/L (IQR:
0.4)) vs treatment-naive CD patients 3.3 pmol/L (IQR: 3.2),
P=0.0349; Fig. 2C.

There was no correlation between cortisol AUC
and doses of osilodrostat (r=-0.6669, P=0.2667) or
metyrapone (r=0.7379, P=0.3333).

Discussion

Previous studies show a dissociation of clinical
symptoms of hyperandrogenism and measured androgen
concentrationsin CD (12, 15). Here we show that the degree
of hyperandrogenemia in CD simply remained undetected
as it is not mainly caused by classical androgens but by
110xC19 steroids that are not (yet) routinely measured.

Our data clearly support the idea that 110xC19 steroids
are the major source of androgens in patients with CD
responsible for hyperandrogenemia in CD.

Our data show that concentrations of 110xC19 steroids
11KT and 110HA4 are increased in female patients with
treatment-naive CD, while classical androgen precursors
and androgens as A4, DHEAS and TS were not different
from controls (compare Figs 1 and 2). 110HA4 has been

shown to be the second most abundant unconjugated
adrenal androgen after DHEA (16). Steroid 110HA4 is
then further metabolized to 11KT and 11KDHT, which
show equal androgenetic capacity as their counterparts T
and DHT (17). Rege et al. have demonstrated a significant
increase in DHEA, A4 and the 110xC19 steroid 110HA4
in the adrenal vein after ACTH administration in subjects
with presumably aldosterone producing adrenal tumors.
Also, active androgens such as TS and the 110xC19 steroids
11B-hydroxytestosterone or 11KT were measured after
ACTH stimulation, but to a lesser degree (24). This can be
explained by the fact that 11KT and 11KDHT are primarily
derived from peripheral conversion, and thus are detected
to a lesser degree in adrenal vein sampling (25). Synthesis
of 110HA4, however, mainly takes place in the zona
reticularis of the adrenal cortex (16). We conclude that
the direct stimulation of 110xC19 androgen synthesis by
ACTH in CD is a relevant factor of hyperandrogenemia
in this patient cohort. This is supported by the fact of a
clear correlation of cortisol and cortisone with 10HA4
concentrations and also cortisol/cortisone and ACTH
concentrations in our study (Table 4). Furthermore, we
show that the 110xC19 steroids in saliva as well as their
urinary metabolites significantly decreased after successful
transsphenoidal surgery correlating with the decrease
in ACTH, whereas there was no correlation of ACTH and
classical androgens.
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Menstrual irregularities in CD previously were also
explained by direct inhibition of hypercortisolism on
gonadotropin release acting at the hypothalamic level (15,
26). As menstrual irregularities were found to correlate
with cortisol concentrations at two time points during the
day, but not with androgen concentrations, the authors
concluded that interference of cortisol with the HPG axis
rather than raised circulating androgens cause menstrual
disturbances in patients with CD even though cortisol did
not correlate with gonadotropins nor did patients with
irregular cycles show altered gonadotropin concentrations
(15). The clear correlation of 11-oxygenated androgens
with cortisol and cortisone in our study explains this
phenomenon.

—> 11-Ketoandrostenedione

B HSD11B2 .
—— 170H-testosterone —— 17-Ketotestosterone «—— 21-Deoxycortisol

110xC19 androgen synthesis. (B) Effect of
the steroidogenesis inhibitors metyrapone
and osilodrostat on adrenal
steroidogenesis including inhibition of
CYP11B1, CYP11B2 and also the
cholesterol side chain cleavage complex,
17a-hydroxylase and 21-hydroxylase.

We did not discover any correlation between levels
of LH, FSH and other measured hormones. We therefore
conclude that disturbances of the HPA axis via the
negative feedback loop of elevated cortisol or aromatized
estrogen concentrations do not play a key factor in the
etiology of menstrual disturbances in CD. Interestingly,
the 110xC19 steroids, however, have only been shown
to be aromatizable in vitro and ex vivo. 11-oxygenated
estrogens were not detectable in women with elevated
110xC19 steroids or high aromatase concentrations (27).
Hyperandrogenic phenotype therefore might rather be
explained by direct androgenic effects of 110xC19 steroids
on the affected organs such as skin, hair or ovary instead of
effects of aromatized estrogens on the HPG axis.
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The lack of correlation of 11-oxygenated androgens
and clinical hyperandrogenism in our study most likely
is due to low sample size and insufficient and inaccurate
documentation of hyperandrogenic symptoms due to
cosmetic measures (data not shown). On the one hand,
there can also be further causes of acne, hirsutism, telogen
effluvium and menstrual disturbances than just a pure rise
in androgen levels. One further limitation might be the
fact that, even when 110xC19 steroids act at the androgen
receptor with equal potency as classical androgens (17),
the downstream signaling cascade might be different for
110xC19 and classical androgens.

Besides normalization of 110xC19 by transspenoidal
surgery, we show that this can also be achieved by
treatment with osilodrostat and metyrapone (compare
Figs 1C, D and 2D, E) as they both efficaciously block
CYP11B1 and thus 110xC19 synthesis (compare Fig. SA
and B).

Steroid CYP11B1 inhibition, however, also leads to
an accumulation of 11-deoxycortisol and the classical
androgen precursors DHEA and A4 and subsequent
accelerated classical androgen synthesis (28, 29, 30).

Interestingly, = metyrapone and  osilodrostat
seem to have a differential effect on the synthesis of
classical androgens in patients with CD. Creemers et al.
previously showed that A4 and TS accumulated more
strongly in metyrapone-treated human adrenocortical
cells compared to those treated with osilodrostat. Under
osilodrostat treatment, even a slight decrease in levels
of adrenal androgens was observed (31). This might
be due to a stronger 17a-hydroxylase (CYP17A1) and
potentially cholesterol side chain cleavage enzyme and/
or StaR protein inhibition, which has been proposed for
osilodrostat (31) and verified in a recent publication.
Bonnet-Serrano et al. showed that in patients on
osilodrostat but not on metyrapone, 21-hydroxylase
and CYP17A1 activity were significantly decreased
(32). In our small subgroup of patients on metyrapone,
but not on osilodrostat medication, treatment also
led to a significant elevation of classical androgens, in
particular of A4, thus, confirming the in vitro and in vivo
results. In line, increased concentrations of TS were only
observed in 4 of the 14 female patients treated with
osilodrostat in the phase Il study (28) and were described
to have increased from a mean of 1.3 to 2.6 nmol/L in
the phase III study (33). Differences of drug sensitivity
on tissue levels may further modulate differences
between various inhibitors of steroidogenesis as well as
interindividual differences in clinical response to the
same inhibitor (31).

11-Oxygenated androgens in
Cushing's disease

The shortcomings of our study are the retrospective
character and the small number of patients under
treatment with steroidogenesis inhibitors due to the
rarity of the disease. The strengths of the study are
circadian steroid measurements via saliva day profiling
pre- and post-surgery at home preventing in-hospital
bias confirmed by metabolites in 24-h urine. Previously
a strong correlation of serum and saliva hormone
concentrations with regard to the measured hormones
has been shown (18, 19).

To conclude, our data show that ACTH-mediated
110xC19 steroids represent the predominant active
androgens causing hyperandrogenemia in CD (Fig. 5).
Our data also indicate that osilodrostat might be a more
suitable steroidogenesis inhibitor for CD patients with
clinical signs of hyperandrogenism. Prospective studies in
larger cohorts are needed to study the role of 110xC19 in
CD in more detail.

Declaration of interest

M R has received honoraria for consultancies and speaker fees from
Novartis, Recordati, HRA Pharma in the context of adrenostatic drugs. K
S has received honoraria for consultancies from Recordati and speaker
fees from Novartis. L B has received speaker fees from Novartis and
Recordati. F V has received consulting fees from Recordati. K S is the Pl of
NeoEXNET. Nicole Reisch is on the editorial board of the European Journal
of Endocrinology. Nicole Reisch was not involved in the review or editorial
process for this paper, on which he/she is listed as an author. The other
authors report no conflicts of interest in this work.

Funding

This work was supported by the Deutsche Forschungsgemeinschaft
(Heisenberg Professorship 325768017 to N R and Projektnummer:
314061271-TRR 205 to M B, M R and N R), by a grant from the Else Kréner-
Fresenius Stiftung to M R (2012_A103 and 2015_A228), by the Clinician
Scientist Program RISE supported by the Eva Luise und Horst Kéhler
Stiftung & Else Kréner-Fresenius-Stiftung (2019_KollegSE.03 to H N and L
B) and F V is supported by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) - 413635475 - and the Munich Clinician
Scientist Program (MCSP) of the LMU Munich.

Data availability

The datasets generated during and/or analyzed during the current study
are not publicly available but are available from the corresponding author
on reasonable request.

Author contribution statement

N R and K S designed the study. KS, FV,HN,LB, LT, MA MR, CL and
N R provided data. H N conducted the statistical analysis. M B, J A, J H
and B K performed the laboratory analyses. H N, K S and N R drafted the
manuscript. All authors provided intellectual input and read, revised and
approved the final version of the manuscript. K S and N R: these authors
contributed equally.

Acknowledgments
We thank all participants of this study and Shiva

https://eje.bioscientifica.com


https://eje.bioscientifica.com

European Journal of Endocrinology

Original Research

H F Nowotny and others

References

1 Makras P, Toloumis G, Papadogias D, Kaltsas GA & Besser M. The
diagnosis and differential diagnosis of endogenous Cushing’s
syndrome. Hormones 2006 5 231-250. (https://doi.org/10.14310/
horm.2002.11189)

2 Pivonello R, De Martino MC, De Leo M, Lombardi G & Colao A.
Cushing’s syndrome. Endocrinology and Metabolism Clinics of
North America 2008 37 135-149, ix. (https://doi.org/10.1016/j.
ecl.2007.10.010)

3 Newell-Price J, Bertagna X, Grossman AB & Nieman LK. Cushing’s
syndrome. Lancet 2006 367 1605-1617. (https://doi.org/10.1016/S0140-
6736(06)68699-6)

4 Lacroix A, Feelders RA, Stratakis CA & Nieman LK. Cushing’s
syndrome. Lancet 2015 386 913-927. (https://doi.org/10.1016/S0140-
6736(14)61375-1)

5 Pivonello R, De Leo M, Cozzolino A & Colao A. The treatment of
Cushing’s disease. Endocrine Reviews 2015 36 385-486. (https://doi.
0rg/10.1210/er.2013-1048)

6 Braun LT, Rubinstein G, Zopp S, Vogel E Schmid-Tannwald C,
Escudero MP, Honegger J, Ladurner R & Reincke M. Recurrence after
pituitary surgery in adult Cushing’s disease: a systematic review on
diagnosis and treatment. Endocrine 2020 70 218-231. (https://doi.
0rg/10.1007/s12020-020-02432-z)

7 Nieman LK, Biller BM, Findling JW, Murad MH, Newell-Price J,
Savage MO, Tabarin A & Endocrine Society. Treatment of Cushing’s
syndrome: an Endocrine Society clinical practice guideline. Journal of
Clinical Endocrinology and Metabolism 2015 100 2807-2831. (https://
doi.org/10.1210/jc.2015-1818)

8 Eisenhofer G, Masjkur ], Peitzsch M, Di Dalmazi G, Bidlingmaier M,
Gruber M, Fazel J, Osswald A, Beuschlein F & Reincke M. Plasma
steroid metabolome profiling for diagnosis and subtyping patients
with Cushing syndrome. Clinical Chemistry 2018 64 586-596. (https://
doi.org/10.1373/clinchem.2017.282582)

9 Hana]JrV, Jezkova J, Kosak M, Krsek M, Hana V & Hill M. Serum
steroid profiling in Cushing’s syndrome patients. Journal of Steroid
Biochemistry and Molecular Biology 2019 192 105410. (https://doi.
0rg/10.1016/j.jsbmb.2019.105410)

10 Barbetta L, Dall’Asta C, Re TTS, Colombo P, Travaglini P & Ambrosi B.
Androgen secretion in ectopic ACTH syndrome and in Cushing’s
disease: modifications before and after surgery. Hormone and Metabolic
Research 2001 33 596-601. (https://doi.org/10.1055/s-2001-17906)

11 Cunningham SK & McKenna TJ. Dissociation of adrenal androgen and
cortisol secretion in Cushing’s syndrome. Clinical Endocrinology 1994
41 795-800. (https://doi.org/10.1111/j.1365-2265.1994.tb02795 .x)

12 Arnaldi G & Martino M. Androgens in Cushing’s syndrome.

Frontiers of Hormone Research 2019 53 77-91. (https://doi.
0rg/10.1159/000494904)

13 Wilson JM, Woodhead DM & Smith RB. Adrenal cysts. Diagnosis and
management. Urology 1974 4 248-253. (https://doi.org/10.1016/0090-
4295(74)90370-7)

14 Schiffer L, Adaway JE, Arlt W & Keevil BG. A liquid chromatography-
tandem mass spectrometry assay for the profiling of classical and
11-oxygenated androgens in saliva. Annals of Clinical Biochemistry 2019
56 564-573. (https://doi.org/10.1177/0004563219847498)

15 Lado-Abeal J, Rodriguez-Arnao J, Newell-Price JD, Perry LA,
Grossman AB, Besser GM & Trainer PJ. Menstrual abnormalities in
women with Cushing’s disease are correlated with hypercortisolemia
rather than raised circulating androgen levels. Journal of Clinical
Endocrinology and Metabolism 1998 83 3083-3088. (https://doi.
0rg/10.1210/jcem.83.9.5084)

16 Turcu AF, Nanba AT, Chomic R, Upadhyay SK, Giordano TJ, Shields JJ,
Merke DP, Rainey WE & Auchus RJ. Adrenal-derived 11-oxygenated
19-carbon steroids are the dominant androgens in classic
21-hydroxylase deficiency. European Journal of Endocrinology 2016 174
601-609. (https://doi.org/10.1530/EJE-15-1181)

11-Oxygenated androgens in
Cushing's disease

17 Pretorius E, Africander DJ, Vlok M, Perkins MS, Quanson J &
Storbeck KH. 11-Ketotestosterone and 11-ketodihydrotestosterone
in castration resistant prostate cancer: potent androgens which
can no longer be ignored. PLoS ONE 2016 11 e0159867. (https://doi.
org/10.1371/journal.pone.0159867)

18 Bacila I, Adaway J, Hawley J, Mahdi S, Krone R, Patel L, Alvi S,
Randell TS, Gevers E, Dattani M et al. Measurement of salivary
adrenal-specific androgens as biomarkers of therapy control in
21-hydroxylase deficiency. Journal of Clinical Endocrinology and
Metabolism 2019 104 6417-6429. (https://doi.org/10.1210/jc.2019-
00031)

19 Nowotny HEF, Auer MK, Lottspeich C, Schmidt H, Dubinski I,
Bidlingmaier M, Adaway ], Hawley J, Keevil B & Reisch N. Salivary
profiles of 11-oxygenated androgens follow a diurnal rhythm in
patients with congenital adrenal hyperplasia. Journal of Clinical
Endocrinology and Metabolism 2021 106 e4509-e4519. (https://doi.
org/10.1210/clinem/dgab446)

20 Kamrath C, Hartmann MEF, Pons-Kuhnemann J & Wudy SA. Urinary
GC-MS steroid metabotyping in treated children with congenital
adrenal hyperplasia. Metabolism: Clinical and Experimental 2020 112
154354. (https://doi.org/10.1016/j.metabol.2020.154354)

21 Wang R, Hartmann MF, Tiosano D & Wudy SA. Characterizing the
steroidal milieu in amniotic fluid of mid-gestation: a GC-MS study.
Journal of Steroid Biochemistry and Molecular Biology 2019 193 105412.
(https://doi.org/10.1016/j.jsbmb.2019.105412)

22 Gawlik A, Shmoish M, Hartmann MFE, Malecka-Tendera E, Wudy SA &
Hochberg Z. Steroid metabolomic disease signature of nonsyndromic
childhood obesity. Journal of Clinical Endocrinology and Metabolism
2016 101 4329-4337. (https://doi.org/10.1210/jc.2016-1754)

23 Harrison RE, Debono M, Whitaker M]J, Keevil BG, Newell-Price ] &
Ross RJ. Salivary cortisone to estimate cortisol exposure and sampling
frequency required based on serum cortisol measurements. Journal of
Clinical Endocrinology and Metabolism 2019 104 765-772. (https://doi.
0rg/10.1210/jc.2018-01172)

24 Rege ], Nakamura Y, Satoh E Morimoto R, Kennedy MR, Layman LC,
Honma S, Sasano H & Rainey WE. Liquid chromatography-tandem
mass spectrometry analysis of human adrenal vein 19-carbon steroids
before and after ACTH stimulation. Journal of Clinical Endocrinology
and Metabolism 2013 98 1182-1188. (https://doi.org/10.1210/jc.2012-
2912)

25 Turcu AF & Auchus RJ. Clinical significance of 11-oxygenated
androgens. Current Opinion in Endocrinology, Diabetes, and Obesity 2017
24 252-259. (https://doi.org/10.1097/MED.0000000000000334)

26 White MC, Sanderson J, Mashiter K & Joplin GE Gonadotrophin
levels in women with Cushing’s syndrome before and after
treatment. Clinical Endocrinology 1981 14 23-29. (https://doi.
org/10.1111/j.1365-2265.1981.tb00361.x)

27 Barnard L, Schiffer L, Louw du-Toit R, Tamblyn JA, Chen S,
Africander D, Arlt W, Foster PA & Storbeck KH. 11-Oxygenated
estrogens are a novel class of human estrogens but do not contribute
to the circulating estrogen pool. Endocrinology 2021 162 bqaa231.
(https://doi.org/10.1210/endocr/bqaa231)

28 Fleseriu M, Pivonello R, Young ], Hamrahian AH, Molitch ME,
Shimizu C, Tanaka TS, Shimatsu A, White TS, Hilliard A et al.
Osilodrostat, a potent oral 11beta-hydroxylase inhibitor: 22-week,
prospective, phase II study in Cushing’s disease. Pituitary 2016 19
138-148. (https://doi.org/10.1007/s11102-015-0692-z)

29 Bertagna X, Pivonello R, Fleseriu M, Zhang Y, Robinson P, Taylor A,
Watson CE, Maldonado M, Hamrahian AH, Boscaro M et al. LC1699,
a potent 11beta-hydroxylase inhibitor, normalizes urinary cortisol in
patients with Cushing’s disease: results from a multicenter, proof-of-
concept study. Journal of Clinical Endocrinology and Metabolism 2014 99
1375-1383. (https://doi.org/10.1210/jc.2013-2117)

30 Verhelst JA, Trainer PJ, Howlett TA, Perry L, Rees LH, Grossman AB,
Wass JA & Besser GM. Short and long-term responses to metyrapone
in the medical management of 91 patients with Cushing’s

https://eje.bioscientifica.com


https://eje.bioscientifica.com
https://doi.org/10.14310/horm.2002.11189
https://doi.org/10.14310/horm.2002.11189
https://doi.org/10.1016/j.ecl.2007.10.010
https://doi.org/10.1016/j.ecl.2007.10.010
https://doi.org/10.1016/S0140-6736(06)68699-6
https://doi.org/10.1016/S0140-6736(06)68699-6
https://doi.org/10.1016/S0140-6736(14)61375-1
https://doi.org/10.1016/S0140-6736(14)61375-1
https://doi.org/10.1210/er.2013-1048
https://doi.org/10.1210/er.2013-1048
https://doi.org/10.1007/s12020-020-02432-z
https://doi.org/10.1007/s12020-020-02432-z
https://doi.org/10.1210/jc.2015-1818
https://doi.org/10.1210/jc.2015-1818
https://doi.org/10.1373/clinchem.2017.282582
https://doi.org/10.1373/clinchem.2017.282582
https://doi.org/10.1016/j.jsbmb.2019.105410
https://doi.org/10.1016/j.jsbmb.2019.105410
https://doi.org/10.1055/s-2001-17906
https://doi.org/10.1111/j.1365-2265.1994.tb02795.x
https://doi.org/10.1159/000494904
https://doi.org/10.1159/000494904
https://doi.org/10.1016/0090-4295(74)90370-7
https://doi.org/10.1016/0090-4295(74)90370-7
https://doi.org/10.1177/0004563219847498
https://doi.org/10.1210/jcem.83.9.5084
https://doi.org/10.1210/jcem.83.9.5084
https://doi.org/10.1530/EJE-15-1181
https://doi.org/10.1371/journal.pone.0159867
https://doi.org/10.1371/journal.pone.0159867
https://doi.org/10.1210/jc.2019-00031
https://doi.org/10.1210/jc.2019-00031
https://doi.org/10.1210/clinem/dgab446
https://doi.org/10.1210/clinem/dgab446
https://doi.org/10.1016/j.metabol.2020.154354
https://doi.org/10.1016/j.jsbmb.2019.105412
https://doi.org/10.1210/jc.2016-1754
https://doi.org/10.1210/jc.2018-01172
https://doi.org/10.1210/jc.2018-01172
https://doi.org/10.1210/jc.2012-2912
https://doi.org/10.1210/jc.2012-2912
https://doi.org/10.1097/MED.0000000000000334
https://doi.org/10.1111/j.1365-2265.1981.tb00361.x
https://doi.org/10.1111/j.1365-2265.1981.tb00361.x
https://doi.org/10.1210/endocr/bqaa231
https://doi.org/10.1007/s11102-015-0692-z
https://doi.org/10.1210/jc.2013-2117

European Journal of Endocrinology

Original Research H F Nowotny and others

syndrome. Clinical Endocrinology 1991 35 169-178. (https://doi.
org/10.1111/j.1365-2265.1991.tb03517.x)

31 Creemers SG, Feelders RA, de Jong FH, Franssen GJH, de Rijke YB,
van Koetsveld PM & Hofland LJ. Osilodrostat is a potential novel
steroidogenesis inhibitor for the treatment of Cushing syndrome: an
in vitro study. Journal of Clinical Endocrinology and Metabolism 2019
104 3437-3449. (https://doi.org/10.1210/jc.2019-00217)

32 Bonnet-Serrano F, Poirier ], Vaczlavik A, Laguillier-Morizot C,
Blanchet B, Baron S, Guignat L, Bessiene L, Bricaire L, Groussin L
et al. Differences in the spectrum of steroidogenic enzyme

11-Oxygenated androgens in
Cushing's disease

inhibition between osilodrostat and metyrapone in ACTH-
dependent Cushing syndrome patients. European Journal of
Endocrinology 2022 187 315-322. (https://doi.org/10.1530/EJE-22-
0208)

33 Pivonello R, Fleseriu M, Newell-Price J, Bertagna X, Findling ],
Shimatsu A, Gu F, Auchus R, Leelawattana R, Lee EJ et al. Efficacy
and safety of osilodrostat in patients with Cushing’s disease (LINC
3): a multicentre phase III study with a double-blind, randomised
withdrawal phase. Lancet: Diabetes and Endocrinology 2020 8 748-761.
(https://doi.org/10.1016/52213-8587(20)30240-0)

Received 11 April 2022
Revised version received 19 August 2022
Accepted 8 September 2022

https://eje.bioscientifica.com


https://eje.bioscientifica.com
https://doi.org/10.1111/j.1365-2265.1991.tb03517.x
https://doi.org/10.1111/j.1365-2265.1991.tb03517.x
https://doi.org/10.1210/jc.2019-00217
https://doi.org/10.1530/EJE-22-0208
https://doi.org/10.1530/EJE-22-0208
https://doi.org/10.1016/S2213-8587(20)30240-0

	Abstract
	Introduction
	Subjects and methods
	Subjects
	Steroid hormone analysis
	Statistical analysis

	Results
	Characteristics of study participants
	11oxC19 steroids are the main androgens in patients with CD
	Correlation of cortisol/cortisone concentrations with ACTH, E2 and gonadotropin concentrations and androgens in CD patients
	Transsphenoidal surgery of patients with Cushing’s disease due to pituitary adenoma efficaciously decreases 11oxC19 concentrations
	Osilodrostat treatment reduces androgen concentrations more efficaciously compared to metyrapone

	Discussion
	Declaration of interest
	Funding
	Data availability
	Author contribution statement
	Acknowledgments
	References

