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Abstract

Background:Disordered fetal adrenal steroidogenesis can cause marked clinical effects including virilization of
female fetuses. In postnatal life, adrenal disorders can be life-threatening due to the risk of adrenal crisis and must
be carefully managed. However, testing explicit adrenal steroidogenic inhibitory effects of therapeutic drugs is
challenging due to species-specific characteristics, and particularly the impact of adrenocorticotropic hormone
(ACTH) stimulation on drugs targeting steroidogenesis has not previously been examined in human adrenal tissue.
Therefore, this study aimed to examine the effects of selected steroidogenic inhibitors on human fetal adrenal
(HFA) steroid hormone production under basal and ACTH-stimulated conditions.

Methods: This study used an established HFAex vivoculture model to examine treatment effects in 78 adrenals
from 50 human fetuses (gestational weeks 8–12). Inhibitors were selected to affect enzymes critical for different
steps in classic adrenal steroidogenic pathways, including CYP17A1 (Abiraterone acetate), CYP11B1/2 (Osilodrostat),
and a suggested CYP21A2 inhibitor (Efavirenz). Treatment effects were examined under basal and ACTH-stimulated
conditions in tissue from the same fetus and determined by quantifying the secretion of adrenal steroids in the
culture media using liquid chromatography-tandem mass spectrometry. Statistical analysis was performed on ln-
transformed data using one-way ANOVA for repeated measures followed by Tukey’s multiple comparisons test.

Results:Treatment with Abiraterone acetate and Osilodrostat resulted in potent inhibition of CYP17A1 and
CYP11B1/2, respectively, while treatment with Efavirenz reduced testosterone secretion under basal conditions.
ACTH-stimulation affected the inhibitory effects of all investigated drugs. Thus, treatment effects of Abiraterone
acetate were more pronounced under stimulated conditions, while Efavirenz treatment caused a non-specific
inhibition on steroidogenesis. ACTH-stimulation prevented the Osilodrostat-mediated CYP11B1 inhibition observed
under basal conditions.
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Conclusions:Our results show that the effects of steroidogenic inhibitors differ under basal and ACTH-stimulated
conditions in the HFAex vivoculture model. This could suggest that in vivo effects of therapeutic drugs targeting
steroidogenesis may vary in conditions where patients have suppressed or high ACTH levels, respectively. This study
further demonstrates thatex vivocultured HFAs can be used to evaluate steroidogenic inhibitors and thereby
provide novel information about the local effects of existing and emerging drugs that targets steroidogenesis.
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Background
Human adrenals secrete mineralocorticoids, glucocorti-
coids, and androgens from early fetal life [1–4]. Thus,
adrenals are active endocrine glands prior to the forma-
tion of the cortex and medulla, which represent the
endocrine secreting zones in the adult gland. The life-
long secretion of adrenal steroid hormones is critical in
regulating salt levels, metabolism, and the immune sys-
tem [5]. Accordingly, imbalanced adrenal steroidogenesis
can lead to various disorders resulting from both re-
duced and excess production of adrenal steroids, includ-
ing adrenal insufficiency and Cushing syndrome (CS),
respectively [6, 7]. Hence, mutations causing excess
levels of adrenal androgens may manifest during devel-
opment as described in virilized female fetuses with con-
genital adrenal hyperplasia (CAH), frequently caused by
deficient 21-hydroxylase activity. If not treated, classic
CAH may cause a life-threatening postnatal salt-wasting
condition as described in neonates of both sexes [8].
Treatment of imbalanced steroid hormone levels de-
pends on the cause of the disease but can involve hor-
mone replacement therapy and medication targeting
excess steroid hormone production. In addition to the
therapies used to specifically target adrenal disorders,
therapeutic drugs used for other indications can have
undesired side-effects on adrenal function, including
Efavirenz which is used for treatment of HIV but has been
suspected to also inhibit adrenal steroidogenesis [9].

In addition to the well-described classic biosynthesis
of adrenal steroid hormones, the importance of adrenal
synthesis of alternative (also described as the“backdoor
pathway”) and 11-oxygenated adrenal androgens has
gained attention in recent years, which has challenged
the understanding of adrenal endocrine function in both
health and disease. Thus, enzymes involved in the alter-
native pathways have also been associated with differ-
ences/disorders of sex development, thereby explaining
some of the observed phenotypes that did not fit with
the understanding based solely on information about the
classic adrenal steroidogenesis [6]. Enzymes involved in
androgen synthesis via the alternative pathway have been
detected in human fetal adrenals (HFA) [10] thereby
emphasizing that many unresolved questions remain
about the regulation and function of human fetal adrenal
steroidogenesis in health and disease.

Classic adrenal steroidogenesis is primarily regulated
through the action of adrenocorticotropic hormone
(ACTH), which induces the biosynthesis of cortisol and
androgens in vivo. Imbalanced adrenal steroidogenesis
can originate from mutations causing disrupted steroid
enzyme functions and/or dysregulated secretion of
ACTH [ 11]. ACTH levels are regulated by the
hypothalamic-pituitary-adrenal (HPA) axis and secretion
of adrenal cortisol acts as a negative feedback loop. The
HPA axis plays an important role in regulating adrenal
endocrine function throughout fetal and adult life [12, 13]
and can be both suppressed and elevated in adrenal
disorders highlighting the importance of understanding
effects of steroidogenic drugs under normal, deficient, and
ACTH-stimulated conditions.

Importantly, the morphological and functional differ-
ences in adrenal glands between humans and the majority
of animals [14–16] have reduced the applicability of test-
ing steroidogenic drugs affecting adrenal steroidogenesis
in animal models. However, our recently established HFA
ex vivo culture model provides a model to examine de
novo steroid hormone production and manipulated ste-
roidogenic activity under basal and ACTH-stimulated
conditions [17]. Thus, this study aimed to examine the
effects of the CYP17A1 inhibitor Abiraterone acetate, the
CYP11B1/2 inhibitor Osilodrostat, and the proposed
CYP21A2 inhibitor Efavirenz [9] on HFA tissue cultured
ex vivo.Changes in classic adrenal steroid secretion fol-
lowing inhibitor treatment were investigated under basal
and ACTH-stimulated conditions, and effects on HFA tis-
sue expression of steroidogenic enzymes were examined.

Methods
The effects of three selected steroidogenic inhibitors on
HFA steroidogenesis was examined under basal and
ACTH-stimulated conditions in an establishedex vivo
tissue culture model. HFA tissue fragments were cul-
tured for 14 days with Abiraterone acetate, Osilodrostat,
or Efavirenz supplemented to the culture media. Since
the inhibitory effects were examined under basal and
ACTH-stimulated conditions, both adrenals from the
same fetus were used (Fig.1a, b). The main endpoint
was quantification of classic steroid hormone metabo-
lites, but tissue expression of selected steroidogenic en-
zymes as well as proliferation and apoptosis markers
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were also examined. The inhibitors were chosen based
on their reported steroidogenic enzyme target in the
classic adrenal steroidogenic pathway. Hence, Abirater-
one acetate inhibits 17� -hydroxylase and 17,20-lyase

activities of CYP17A1, Osilodrostat inhibits the 11� -
hydroxylase activity of CYP11B1/2 and the aldosterone
synthase activity of CYP11B2, while Efavirenz has been
suggested to inhibit CYP21A2 [9] (Fig. 1c).

Fig. 1 Experimental overview of human fetal adrenalex vivoculture approach and the selected inhibitors.a Illustration of the hanging drop culture
approach and measurements of steroid hormones by LC-MS/MS in the media.b Overview of media collection days and treatment setups under basal
and ACTH-stimulated conditions. Media were pooled from all technical replicates collected throughout the experimental period of 14 days.c Overview
of classic adrenal steroidogenesis. Arrows indicate enzyme reactions; stippled arrow indicates enzyme reaction with low substrate affinity. Colored
crosses indicate enzymes expected to be inhibited by the selected inhibitors. Blue: Abiraterone acetate, magenta: Osilodrostat, orange: Efavirenz
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Tissue collection
Fetal tissue (gestational weeks (GW) 8–12) used in this
study was available following elective surgical termin-
ation of pregnancy at Copenhagen University Hospital
(Rigshospitalet), Hvidovre Hospital, and Herlev Hospital.
The Danish regional ethics committee (permit number
H-1-2012-007) approved the collection and use of fetal
material in this study. Medical staff working independ-
ently of the project recruited all participating women
who gave their informed written and oral consent. None
of the terminations were for reasons of fetal abnormality
or pathology of pregnancy. Fetal material was kept at
4 °C immediately after termination of pregnancy and
during transport to the laboratory. Fetal age was
determined by scanning crown-rump length and by
evaluation of foot length [18]. Fetal adrenal tissue was
dissected in ice-cold PBS and immediately setup in
ex vivocultures. Both adrenals from the same fetus were
used in experimental setups examining treatment effects
under both basal and ACTH-stimulated conditions,
while one adrenal was used when examining treatment
effects under basal conditions only. Thus, in total 78
adrenals were used forex vivocultures corresponding to
adrenals from 50 individual fetuses.

Ex vivo tissue culture setup
HFAs were culturedex vivoas 1 mm3 tissue fragments,
as previously described using a hanging drop culture ap-
proach [17]. To ensure an equal representation of HFA
morphology in the vehicle vs. treatment setup, adrenal
glands were initially divided into two halves and subse-
quently further divided into fragments (Fig.1a). To ensure
an equal allocation into theinitial halves this was done
using a dissection microscope (Nikon SMZ800N, Japan) on
top of Millimeter graph paper (1 mm2 boxes). Afterward,
all pieces from one half of the gland were cultured in
vehicle-control media, and all pieces from the other half in
treatment media corresponding to 1–13 fragments per
treatment depending on the initial size of the HFA. Tissue
fragments were cultured in 40� l media for 14 days at 37 °C
under 5% CO2 with a complete media change every 48 h.
Media were collected throughout the entire culture period
of 14 days, and media from replicates of the same sample
and treatment were pooled (Fig.1b). HFA tissue was
cultured in MEM� media supplemented with 1× MEM
non-essential amino acids, 2 mM sodium pyruvate, 2 mM
L-glutamine, 1× Insulin, Transferrin and Selenium (ITS)
supplement, 1× Penicillin/Streptomycin, and 10% Fetal
Bovine Serum (FBS). All cell media and supplements were
from Gibco (Naerum, Denmark), except ITS (Sigma-Al-
drich, Broendby, Denmark). During the final 6 h, all tissue
fragments were cultured in media containing BrdU labeling
reagent (Life Technologies, Naerum, Denmark) to identify

proliferation at the end of the culture period as previously
described [17].

Ex vivo culture treatments
The effects of the following selected steroid enzyme in-
hibitors were examined alone (basal conditions) or with
ACTH (1 nM, stimulated conditions): Abiraterone acet-
ate (1� M), Osilodrostat (1� M), and Efavirenz (10� M).
Treatment concentrations were selected based on pilot
experiments testing doses of 1 and 10� M which have
previously been reported to inhibit steroidogenesis
in vitro [9, 19–21] and the lowest dose showing an effect
on steroidogenesis was chosen. Additionally, dose-
response effect was examined for Abiraterone acetate (1
and 10� M) and Osilodrostat (1 and 10� M) under basal
conditions. Two adrenals from the same fetus were used
in experimental setup with one adrenal used to examine
treatment effects under basal conditions through alloca-
tion of the tissue into a vehicle (dimethyl sulfoxide
(DMSO), 0.1%) and an inhibitor treatment group. The
other adrenal was used to examine treatment effects
under stimulated conditions through allocation of the
tissue into an ACTH-stimulated (DMSO+ACTH) and a
stimulated + inhibitor treatment group. ACTH, Abira-
terone acetat, Efavirenz, and DMSO were purchased
from Sigma-Aldrich (Broendby, Denmark) and Osilodro-
stat from MedChemExpress (Sollentuna, Sweden).

LC-MS/MS analysis of culture media
Steroid hormone levels were measured in culture
media. The culture media was collected every 48 h and
pooled throughout the 14 days culture period for all
tissue fragments originating from the same adrenal
sample and treatment group. Steroid hormone levels
(nM concentrations) were measured using a method
established to quantify steroid metabolites in serum by
isotope-dilution TurboFlow-LC-MS/MS, as previously
described [22]. The method was modified for measure-
ment in culture media [17]. This clinically validated
analysis package includes the classic androgens: testoster-
one, androstenedione, and dehydroepiandrosterone-
sulfate (DHEAS); glucocorticoids: cortisone and cortisol;
and the steroidogenic intermediates: 11-deoxycortisol, 17-
hydroxyprogesterone, progesterone, and corticosterone
(classified as an intermediate downstream the mineralo-
corticoid pathway despite being a potent glucocorticoid
in vivo [23]. All measured steroids, except estrone sulfate,
are reported in this study. In brief, samples were analyzed
in five batches: one during the winter of 2019, three dur-
ing the summer/autumn of 2020, and one during the
spring of 2021. For all batches, two blanks (water), two
un-spiked media controls, two spiked media controls with
a mixture of native steroid standards in low concentra-
tions, and two spiked media controls with the native
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steroid standards in high concentrations were used as
method controls, while standards prepared in media were
used for calibration curves. For several samples, the con-
centrations of DHEAS, cortisol, and cortisone were out of
the standard measurement range and were therefore di-
luted 1:10 with media and analyzed in a repeated batch.
For all analytical batches included in this study, the rela-
tive standard deviation (RSD) was < 10% for all steroids in
culture media controls spiked in low level, except for
DHEAS (< 17%), while RSD was < 4.2% for all steroids in
the controls spiked in high level. Standard ranges and
limit of detection for each of the measured steroids are
listed in Additional file1: Table S1.

Immunohistochemistry and immunofluorescence
Immediately after theex vivoculture period, HFA tissue
fragments were fixed in formalin followed by dehydra-
tion and paraffin embedding according to standard
procedures. Serial sections (4� m) were dewaxed and
rehydrated prior to immunohistochemistry (IHC) or im-
munofluorescence (IF) protocols. In both protocols, tis-
sue sections were subjected to heat-induced antigen
retrieval in a pressure cooker, peroxidase block in 1%
and 3% (v/v) H2O2 in MeOH for 30 min for the IHC
and IF protocols, respectively, followed by incubation in
horse serum (20% v/v) with PBS/BSA (5% w/v) (HS)
ImmPRESS (Vector Laboratories, Burlingame, Califor-
nia). Tissue sections were washed in Tris-buffered saline
between protocol steps and all incubations were carried
out in a humidity box.

IHC was conducted as previously described for forma-
lin samples [3]. In brief, after incubation with HS, tissue
sections were incubated with primary antibodies diluted
in HS overnight at 4 °C, followed by 1 h at room
temperature. Finally, sections were incubated for 30 min
with the appropriate ImmPRESS HPR (peroxidase,
Vector Laboratories, Burlingame, California) secondary
antibody. Visualization was performed using ImmPACT
AEC peroxidase substrate (Vector Laboratories, Burlin-
game, California). Sections were counterstained with
Mayer’s hematoxylin before mounting with Aquatex
(Merck, Darmstadt, Germany). Sections were initially
evaluated on a Nikon Microphot-FXA microscope and

then by scanning slides on a NanoZoomer 2.0 HT (Hama-
matsu Photonics, Herrsching am Ammersee, Germany).

Triple IF was done as previously described for formalin
samples [24]. In brief, tissue sections were incubated over-
night at 4 °C with primary antibody each diluted in HS.
Subsequently sections were incubated with peroxidase-
conjugated secondary antibody diluted in HS for 30 min at
room temperature, followed by incubation with Tyr-Cy3
according to manufacturer’s instructions. Prior to addition
of the 2nd and 3rd primary antibody, respectively, sections
were again subjected to heat-induced antigen retrieval
buffer in a pressure cooker followed by blocking in HS. Fi-
nally, sections were counterstained with DAPI diluted in
PBS for 10 min before mounting with Permafluor
(Thermo Scientific, UK). Fluorescent images were cap-
tured using an Olympus BX61 microscope (Olympus).
The first primary antibody applied is as follows: CYP11B2,
incubated with peroxidase-conjugated chicken ant-rabbit
secondary antibody and Perkin Elmer-TSA- Plus Cya-
nine3. The second primary antibody applied is as follows:
CYP17A1, incubated with peroxidase-conjugated chicken
anti-rabbit secondary antibody and Perkin Elmer-TSA-
Plus Fluorescein System. The third primary antibody
applied is as follows: CYP21A2, incubated with
peroxidase-conjugated chicken anti-goat secondary anti-
body and Perkin Elmer-TSA-Plus Cyanine5 System. All
secondary peroxidase-conjugated chicken antibodies were
from Santa Cruz Biotechnology (Heidelberg, Germany),
and TSA-Plus HPR labeled reagents were from Perkin
Elmer Life Sciences (Boston, MA, USA).

Primary antibody dilutions and retrieval buffers for
IHC and IF are listed in Table1. Negative controls were
included and processed with the primary antibody
replaced by the dilution buffer alone, none of which
showed staining.

Statistics
Treatment effects on steroid hormone levels under basal
and ACTH-stimulated conditions were investigated as
ratios relative to the mean of vehicle controls. To meet
normality of residuals and homogeneity of variance,
ratios were transformed by the natural logarithm (ln).
Treatment effects were always compared with vehicle

Table 1 Antibodies, dilutions, and retrieval buffers used

Antibody Dilution Retrieval buffer Species Supplier Number

BrdU 1:100 CIT Mouse Dako M0744

cPARP 1:500 CIT Rabbit Cell Signaling 5625

CYP17A1 1:1,500 CIT Rabbit Abcam Ab134910

CYP11B2* 1:200 TEG Rabbit Sigma HPA049171

CYP21A2 1:15,000 TEG Goat Santa Cruz Sc-48466

TEG buffer: 10 mM Tris, 0.5 mM EGTA, pH 9.0; citrate (CIT) buffer: 10 mM, pH 6.0. *The antigen sequence is 96% identical with CYP11B1
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controls (DMSO) or stimulated controls (ACTH+
DMSO) from the same fetus. Effects of simultaneous in-
hibitor and ACTH treatment were always compared
with effects of ACTH-stimulation alone from the same
fetus. Therefore, effects of inhibitors under basal and
ACTH-stimulated conditions were analyzed based on
the ln-transformed data using one-way ANOVA for re-
peated measures followed by Tukey’s multiple compari-
sons test. Because dose-response effects of low and high
inhibitor doses were not always examined in the same
fetus, dose-response effects were analyzed based on the
ln-transformed data of ratios relative to the internal
vehicle controls using one-way ANOVA followed by
Tukey’s multiple comparisons test. No outliers were
excluded from the dataset. All tests were two-tailed and
p < 0.05 were considered statistically significant. Treat-
ment effects were back-transformed to obtain the fold
change, which was graphically illustrated with data
represented as geometric mean with 95% CI. Each
sample measurement represents the mean value of all
tissue fragments originating from the same sample and
treatment group (considered as technical replicates).
Statistical analysis and graphical illustrations were per-
formed using GraphPad Prism Software.

Results
Tissue viability and steroid enzyme expression is
maintained following treatment with steroidogenic
inhibitors
Examination of the culturedtissue fragments was used
to determine whether the investigated concentrations
of the selected inhibitors affected HFA tissue morph-
ology and viability. Overall, no apparent changes in tis-
sue morphology were observed in the inhibitor-treated
samples compared with vehicle controls (Fig.2a). Like-
wise, in cultured tissue fragments treated with Abira-
terone acetate, Osilodrostat, or Efavirenz proliferating
cells (BrdU+) were present, while no or few apoptotic
(cPARP+) cells were observed which was similar to
vehicle controls. Treatment with a 10-fold higher dose
of Abiraterone acetate and Osilodrostat also did not
affect proliferation and apoptosis (based on BrdU+ and
cPARP+ cells) compared to vehicle controls (data not
shown). This together suggests that the effects of the
selected inhibitors on adrenal steroidogenesis were not
due to cytotoxicity. The steroidogenic enzymes ex-
pected to be inhibited by the selected inhibitors were
all expressed in theex vivo cultured tissue samples
after the 14 daysex vivoculture period (Fig.2b). Since
no apparent difference in expression pattern or level
compared to vehicle controls was observed, effects of
the examined inhibitors are suggested to be antagonis-
tic rather than affecting theexpression levels of the
steroidogenic enzymes.

Effects of Abiraterone acetate treatment on human fetal
adrenal steroidogenesis
Treatment with Abiraterone acetate (1� M) affected the
secretion of all investigated steroids. Specifically, Abira-
terone acetate caused decreased androgen levels, a small
rise in glucocorticoid levels, and a considerable increase
in the level of some steroidogenic intermediates under
basal conditions (Fig.3a). The inhibitory effect on HFA
androgen biosynthesis was evident from reduced levels
of testosterone (2.2-fold decrease,p < 0.05) and andro-
stenedione (4.9-fold decrease,p < 0.01) and a tendency
towards decreased DHEAS levels although this was not
statistically significant. Abiraterone acetate treatment
increased the levels of most measured glucocorticoids,
including cortisone (2.0-fold,p < 0.05) and cortisol
(2.4-fold,p < 0.05), and further resulted in a substantial
increase in the secretion of thesteroidogenic intermedi-
ates progesterone (11-fold,p < 0.001), corticosterone
(11-fold, p < 0.001), and 17-hydroxyprogesterone (1.6-
fold, p < 0.05). Treatment with Abiraterone acetate
(1 � M) under ACTH-stimulated conditions affected the
secretion of all measured steroids compared with ef-
fects of ACTH-stimulation alone, including DHEAS
and 11-deoxycortisol that were not altered after
Abiraterone acetate treatment under basal conditions
(Fig. 3a). In particular, the inhibitory effect on adrenal
androgen biosynthesis was more pronounced under
ACTH-stimulated conditions with reduced biosynthesis
of testosterone (47-fold decrease,p < 0.0001), androstene-
dione (47-fold decrease,p < 0.0001), and DHEAS (3.0-fold
decrease, p < 0.01) when compared with ACTH-
stimulation alone. Also, the effects of Abiraterone acetate
under stimulated conditions caused elevated levels of corti-
sone (6.1-fold,p < 0.001) and cortisol (1.6-fold,p < 0.05),
while the glucocorticoid intermediates 11-deoxycortisol
(3.5-fold decrease,p < 0.05) and 17-hydroxyprogesterone
(1.7-fold decrease,p < 0.01) levels were reduced under
ACTH-stimulated conditions. Finally, the levels of proges-
terone (14-fold,p < 0.0001) and corticosterone (13-fold,p <
0.0001) increased following Abiraterone acetate treatment
under stimulated conditions.

The inhibitory effect of Abiraterone acetate under basal
and ACTH-stimulated conditions was further evident from
the CYP17A1 product/substrate ratios (Fig.3b). Thus, the
17� -hydroxylase product/substrate ratio (17-hydroxypro-
gesterone/progesterone) decreased 6.8-fold (p < 0.01) under
basal conditions and 24-fold (p < 0.0001) under ACTH-
stimulated conditions. Accordingly, the 17,20-lyase prod-
uct/substrate ratio (androstenedione/17-hydroxyprogester-
one) decreased 7.8-fold (p < 0.001) under basal conditions
and 27-fold (p < 0.0001) under ACTH-stimulated
conditions. A potent androgen inhibition was also
evident from the ratios reflecting the combined
CYP17A1 activity after Abiraterone acetate treatment

Melauet al. BMC Medicine         (2021) 19:204 Page 6 of 17



Fig. 2 (See legend on next page.)
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and postnatal HIV treatment [9]. Thus, further investiga-
tions of the effects of antiviral HIV drugs on adrenal func-
tion under basal and stimulated conditions would be highly
relevant.

The expression of all steroidogenic enzymes facilitat-
ing de novo biosynthesis of steroids from the steroido-
genic pathway and the treatment-specific responses
reported here and previously [17] suggests thatex vivo
culture of small HFA tissue fragments is an appropriate
model for studying effects of therapeutic drugs on the
steroidogenic responses in healthy human adrenal tissue.
In accordance with previous characterization [3], no
overall age-related differences in steroidogenic activity
were found between the 1st trimester samples used in
this study, and variance in the data reflects biological
variation between HFA samples. However, there are dif-
ferences between human fetal and adult steroid produc-
tion most importantly related to the low 3� HSD2 and
high SULT2A1 fetal expression that makes it impossible
to directly translate results from the HFAex vivoculture
model to an in vivo/patient (postnatal) situation. Also,
even though HFA secrete C21 steroids, the fetal steroid
enzyme profile mainly facilitates the production of C19

androgens resulting in the abundant secretion of DHEA
S [15], which is not representative for the steroid profile
of adult adrenal glands. However, the HFAex vivo
culture model can be used to examine effects of experi-
mental drugs influencing steroidogenesis which are
contraindicated in pregnant women. Importantly, the
accordance between the reported steroid hormone pro-
files from the ex vivocultured HFA tissue and patients
treated with Abiraterone acetate and Osilodrostat sug-
gest that it is reasonable to extrapolate the overall treat-
ment response on the different adrenal steroid pathways
from the ex vivo model to an in vivo situation if
cautiously interpreted. Thus, combining the tissue spe-
cific biological knowledge from this carefully validated
ex vivomodel with the information of systemic effects of
therapy obtained from patient studies might increase the
knowledge necessary for optimal treatment monitoring
of patients.

Conclusions
In conclusion, the present study demonstrates specific
effects of the well-described inhibitors Abiraterone acet-
ate and Osilodrostat on fetal adrenal steroidogenesis in
ex vivoculture and further validates the applicability of
HFA tissue as a model to examine steroidogenic effects
of therapeutic drugs. Importantly, this study demonstrates
that the effects of all three selected steroidogenic inhibi-
tors differed under basal and stimulated conditions. Thus,
the CYP17A1 inhibition mediated by Abiraterone acetate
and the overall inhibitory effects of Efavirenz on steroido-
genesis were more potent under ACTH-stimulated

conditions, while inhibition of CYP11B1 after treatment
with Osilodrostat appeared to be less potent in the
ACTH-stimulated condition compared to the basal condi-
tion. These treatment-specific differences in inhibitory re-
sponse under basal and ACTH-stimulated conditions
highlights the relevance of combining information about
the specific steroidogenic effects obtained fromex vivo
studies with the systemic responses observed in vivo in pa-
tient studies. Thus, obtaining information using both ap-
proaches can contribute to an increased biological
understanding which may improve treatment strategies
and optimize monitoring of patients if subsequently im-
plemented. Hence, the HFAex vivoculture model pro-
vides a relevant system to test existing and new treatment
options for adrenal steroid hormone-dependent diseases
and of drugs with suspected undesired adrenal side
effects.
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