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Hypercortisolism is one of the most commonly diagnosed endocrinopathies in dogs, and
new targeted medical treatment options are desirable. Steroidogenic factor-1 (SF-1), an
orphan nuclear hormone receptor, is a key regulator of adrenal steroidogenesis, devel-
opment, and growth. In pituitary-dependent hypercortisolism (PDH), high plasma ACTH
concentrations increase the transcriptional activity of SF-1. In adrenal-dependent hyper-
cortisolism, SF-1 expression is significantly greater in dogs with recurrence after adre-
nalectomy than in those without recurrence. Inhibition of SF-1 could therefore be an
interesting treatment option in canine spontaneous hypercortisolism. We determined the
effects of 3 SF-1 inverse agonists, compounds IsoQ A, #31, and #32, on cortisol production,
on the messenger RNA (mRNA) expression of steroidogenic enzymes and SFs, and on cell
viability, in primary adrenocortical cell cultures of 8 normal adrenal glands and of 3
cortisol-secreting adrenocortical tumors (ATs). To mimic PDH, the normal adrenocortical
cell cultures were stimulated with ACTH. The results show that only compound #31
inhibited cortisol production and SF-1 target gene expression in non–ACTH-stimulated and
ACTH-stimulated normal adrenocortical cells but did not affect cell viability. In the AT cell
cultures, the effects of #31 on cortisol production and target gene expression were vari-
able, possibly caused by a difference in the SF-1 mRNA expressions of the primary tumors.
In conclusion, inhibition of SF-1 activity shows much promise as a future treatment for
canine hypercortisolism.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

In dogs, one of the most frequently diagnosed endocrine
disorders is hypercortisolism (Cushing’s syndrome). Spon-
taneous hypercortisolism is caused by an ACTH-secreting
pituitary adenoma (pituitary-dependent hypercortisolism
[PDH]) in 80% to 85% of cases and by a primary functional
cortisol-secreting adrenocortical tumor (AT) in 15% to 20%
ax: þ31 30 2518126.

. All rights reserved.
of cases, of which the majority is an adrenocortical carci-
noma [1,2].

For medical treatment of spontaneous canine hyper-
cortisolism, the adrenocorticolytic drug mitotane (o,p’-DDD)
and the adrenal enzyme inhibitor trilostane are used most
often. Mitotane destroys adrenocortical cells, but because it
can cause serious side effects [3–5], its use has been largely
replaced by trilostane. Trilostane competitively inhibits the
steroidogenic enzyme 3b-hydroxysteroid dehydrogenase 2
(HSD3B2) and thereby inhibits cortisol production. The
drawbacksof treatmentwith trilostane includedisturbance of
the renin-angiotensin-aldosterone axis, and possibly occur-
rence of apoptosis and necrosis in the adrenal cortex [6–8].
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Moreover, trilostane does not affect the growth of an ATor its
metastases [5,9].

To improve the medical treatment of dogs with spon-
taneous hypercortisolism, new targeted medical treatment
is desirable. For this new medical treatment, an interesting
target could be steroidogenic factor-1 (SF-1/Ad4BP;
NR5A1), which is an orphan nuclear receptor that regulates
adrenal steroidogenesis, development, and growth [10].
Steroidogenic factor-1 was initially discovered as a tran-
scription factor for genes encoding steroidogenic enzymes
[11,12]. This transcriptional activity of SF-1 can be stimu-
lated by the binding of ACTH to themelanocortin 2 receptor
(MC2R) in the adrenal cortex [13]; therefore, increased SF-1
activity is an important characteristic of PDH. Steroidogenic
factor-1 was later discovered to be essential also in adrenal
development. Mice with targeted disruption of the SF-1
gene (SF-1�/� mice) were born without adrenal glands and
gonads and died shortly after birth [14,15]. Not only the
presence or absence but also the dose of SF-1 is important
[16–18]. Greater SF-1 dosages increased proliferation in the
human adrenocortical carcinoma cell line NCI-H295R and
induced adrenocortical neoplasia in mice [19]. Further-
more, SF-1 messenger RNA (mRNA) expression was
significantly greater in dogs with ATs that had recurrence of
hypercortisolism within 2.5 yr after adrenalectomy than in
dogs that had no recurrence for at least 2.5 yr after adre-
nalectomy [20]. Taken together, these data suggest that
inhibition of SF-1 activity might lead to inhibition of ste-
roidogenesis and inhibition of AT growth.

Previous studies have focused on identifying compounds
that can inhibit human SF-1 activity. One such study, using
ultra-high-throughput screening, identified 2 iso-
quinolinone analogs, SID7969543 (IsoQ A) and SID7970631
(IsoQB), as selective SF-1 inverse agonists [21]. Identification
of these compounds led to the development of analogs with
improved SF-1 inhibitor potency, lower cellular toxicity, and
improved selectivity: compounds #31 and #32 [22]. Dogh-
man et al [23] demonstrated that, in conditions of increased
SF-1 expression, compounds IsoQA, #31, and#32 selectively
decreased forskolin-stimulated steroid hormone production
and inhibited NCI-H295 R cell proliferation.

Based on the importance of SF-1 in adrenal steroido-
genesis and proliferation, inhibition of SF-1 activity could
be an interesting treatment option in canine hyper-
cortisolism. This study is the first to investigate the effects
of SF-1 inverse agonists in canine primary adrenocortical
cell culture of normal adrenals, stimulated with synthetic
ACTH to mimic PDH, and of ATs.

2. Materials and methods

2.1. Animals and tissues

For primary cell cultures, the adrenal glands of 8 healthy
dogs were used. These dogs were euthanized for reasons
unrelated to the present study, which was approved by the
Ethical Committee of Utrecht University. The dogs aged
between 14 and 62 mo (median 35 mo) and weighed be-
tween 10 and 29 kg (median 16 kg). Four dogs were of
mixed breed and 4 dogs were Beagles. Two dogs were fe-
male and 6 were male, all dogs were intact.
The cortisol-producing ATs were retrieved after unilat-
eral adrenalectomy of 3 dogs. The dogs aged between 98
and 134 mo old (median 118 mo) and weighed between 10
and 18 kg (median 13 kg). One dog was an intact male Fox
Terrier, one dog was an intact female Västgötaspets, and
one dog was male, castrated, and of mixed breed. The
suspicion of hypercortisolism was based on the medical
history and the findings on physical examination. The
diagnosis of a cortisol-producing AT was confirmed by the
finding of nonsuppressible hypercortisolism with endo-
crine testing, combined with the demonstration of an AT
with an atrophic contralateral adrenal gland by ultraso-
nography or computed tomography [24]. The dogs did not
receive any drugs to inhibit cortisol production prior to the
adrenalectomy. Histopathological evaluation confirmed the
diagnosis of an AT in all dogs. The ATs were classified by a
single pathologist based on the criteria described by Labelle
et al [2], which classified 2 ATs as carcinomas and one AT as
an adenoma.

For reverse transcriptase quantitative PCR (RT-qPCR)
analysis of primary tissues, the aforementioned ATs and
the adrenal glands of 4 healthy dogs were used. The
healthy dogs aged between 14 and 58 mo (median 24 mo)
and weighed between 10 and 26 kg (median 23 kg). Three
dogs were of mixed breed, and one dog was a Beagle.
Three dogs were female and one was male, all dogs were
intact.

2.2. Cell culture

The adrenal glands were collected in ice-cold Hanks
Balanced Salt Solution (Gibco, Invitrogen, Merelbeke,
Belgium) and cleared of surrounding tissues. Normal ad-
renals were cut in half length-wise to scrape out the me-
dulla. In the case of the ATs, only apparent tumorous tissue
was used.

The adrenal tissues were cut into pieces and digested for
60 to 75 min at 37�C in a mixture of Leibowitz L15 (Gibco,
Invitrogen, Breda, theNetherlands), 3mg/mL collagenase 1A
(Sigma-Aldrich, Zwijndrecht, the Netherlands), 0.05 mg/mL
DNAse (Sigma-Aldrich), 20mMD-(þ)-Glucosemonohydrate
(Sigma-Aldrich), 0.2% bovine serum albumin (BSA; Sigma-
Aldrich) ,and 1% penicillin/streptomycin (Gibco). The diges-
ted tissue solutions were filtered through 100 and 70 mm
EASYstrainer filters (Greiner Bio-One, Alphen aan den Rijn,
the Netherlands) and subsequentlymixed in a 1:1 ratio with
Leibowitz L15 containing 20% fetal bovine serum (FBS;
Gibco) and1%penicillin/streptomycin. A 3%BSAcushionwas
pipetted at thebottomof the tube to remove cell debris, after
which the tissue solutions were centrifuged at 190 � g for
10 min at 4�C. The pellets were washed in Leibowitz L15
containing10%FBS and1%penicillin/streptomycin andagain
centrifuged.

The cells were counted with a Bürker Türk counting
chamber and diluted to 1 � 105 cells/mL with Dulbecco’s
Modified EagleMedium F-12 (Gibco) containing 1% Insulin-
Transferrin-Selenium (Gibco), 0.125% BSA, 2.5% Nu-Serum
(Corning, Amsterdam, the Netherlands), and 1% penicillin/
streptomycin. The cells were seeded in Multiwell 96 well
plates (1�104 cells per well, Primaria, Corning) to measure
cortisol and DNA concentrations and cell viability, and in
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Multiwell 24 well plates (1 � 105 cells per well) to isolate
RNA for RT-qPCR analysis.

The cells were left to attach for 4 to 7 d at 37�C in a
humidified atmosphere of 95% air and 5% CO2; then, the
culture medium was refreshed before the cells were incu-
bated with the compounds.

2.3. Chemicals

Three compounds were used: compound IsoQ A
(SID7969543, Sigma-Aldrich, Zwijndrecht, the Netherlands),
compound #31 (F1808-0154, Life Chemicals, Kiev, Ukraine),
and compound #32 (F1808-0165, Life Chemicals). The com-
pounds were dissolved in dimethyl sulfoxide (DMSO; Merck
KGaA, Darmstadt, Germany) at 20 mM, then aliquoted and
stored at �20�C.

The cells were incubated with 10 nM,100 nM,1 mM, and
10 mM of the compounds, and with (normal adrenocortical
cells) and without (normal adrenocortical and AT cells)
1 mM ACTH [1–24] (Synacthen, Novartis Pharma BV, Arn-
hem, the Netherlands). The DMSO end concentration was
0.05% in all conditions. Incubations were performed in
quadruplicate in the 96-well plates and in duplicate in the
24-well plates.

After 72 h of incubation, the culture medium was
removed and used to measure cortisol concentrations by
RIA as described previously [25].

2.4. DNA measurements

After the culture medium was removed, the culture
plates underwent 3 freeze/thaw cycles. Thereafter, 50-mL
Tris/EDTA (10-mM Tris, 1-mM EDTA, pH 8.0) was added to
each well, after which the Qubit dsDNA HS Assay Kit (Fisher
Scientific) was used according to the manufacturer’s in-
structions. Deoxyribonucleic acid concentrations were
measured with a Qubit 2.0 Fluorometer (Fischer Scientific).

2.5. Viability

After 72 h of incubation, 10 mL of alamarBlue reagent
(Thermo Fisher) was added to each well in 96-well plates.
The cellswere incubatedwith the alamarBlue reagent for 4 h
at 37�C in the dark, after which fluorescence was measured
on a DTX 880 Multimode Detector (Beckman Coulter,
Woerden, theNetherlands) at 535 nmexcitation and595 nm
emission.

2.6. Reverse transcriptase quantitative PCR

For RT-qPCR analysis of the primary ATs, tissue frag-
ments were snap frozen in liquid nitrogen within 10 to
20 min after surgical removal and RNA was isolated with
the RNeasy Mini Kit (QIAGEN, Venlo, the Netherlands) ac-
cording to the manufacturer’s instructions.

For RT-qPCR analysis of cultured cells, the culture me-
dium was removed from the 24-well plates after 72 h of
incubationwith compounds and RNAwas isolated from the
cells with the RNeasy Micro Kit (QIAGEN), including a
DNAse (QIAGEN) step to avoid genomic contamination,
according to the manufacturer’s instructions.
The RNA concentrations weremeasured with NanoDrop
(ND-1000, Isogen Life Science, Utrecht, the Netherlands).
The iScript cDNA Synthesis Kit (Bio-Rad) was used ac-
cording to the manufacturer’s instructions to synthesize
complementary DNA (cDNA), which was subsequently
diluted to 1 ng/mL.

Reverse transcriptase quantitative PCR analysis was used
to determine the mRNA expression of 3 steroidogenic en-
zymes and 3 SFs. The steroidogenic enzymes that were
analyzedwere 17a-hydroxylase/17,20-lyase (CYP17), HSD3B2,
and21-hydroxylase (CYP21). The SFs thatwere analyzedwere
SF-1, dosage-sensitive sex reversal-adrenal hypoplasia con-
genita critical region on the X chromosome gene 1 (DAX-1),
and MC2R. Primers used for CYP17, HSD3B2, CYP21, MC2R,
and SF-1 have been described previously [26]. New primers
were designed for DAX-1 (forward 50-CTTTAACCCGGACC
TGC-30, reverse 50-GCCTGAAGAATAGCTCCAC-30). The primer
products were sequenced using an ABI3130XL Genetic
analyzer to confirm the correct identity of the transcript.

To correct for differences in cDNA concentrations, the
reference genes that were analyzed were ribosomal protein
S5, ribosomal protein S19, signal recognition particle re-
ceptor, and hypoxanthine-guanine phosphoribosyl-
transferase [27,28].

The RT-qPCR reactions were performed using SYBR-
green supermix (Bio-Rad) in a CFX384 Touch Real-Time
PCR Detection System (Bio-Rad) instrument. To analyze
the expression levels of the reference genes, GeNorm
software [29] was used, which justified their use. To
calculate the normalized relative mRNA expression of each
target gene, the 2�DDCt method [30] was used.

2.7. Statistical analysis

Normally distributed data (cortisol and DNA data) were
analyzed with repeated measures analysis of variance with
a post hoc Bonferroni correction. Sphericity was checked
using Mauchly’s test, and the Greenhouse-Geisser correc-
tion was used when the assumption of sphericity was
violated. Nonnormally distributed data (alamarBlue and
RT-qPCR data) were analyzed with the Friedman test. Sig-
nificant outcomes were analyzed post hoc with the Wil-
coxon signed-rank test with a Bonferroni correction. P
values of <0.05 were considered significant.

Cortisol data are reported relative to the DMSO vehicle
control in mean � standard error of the mean.

3. Results

3.1. Cortisol production, DNA content, and cell viability

3.1.1. Normal adrenocortical cell cultures (n ¼ 8)
In the normal adrenocortical cell cultures, 10 mM of #31

significantly inhibited the cortisol production of the non–
ACTH-stimulated cells by 55 �10% (P¼ 0.026) (Fig. 1A) and
of the ACTH-stimulated cells by 57 � 5% (P ¼ 0.002)
(Fig. 1B). Compounds IsoQ A and #32 did not significantly
affect the cortisol production of either non–ACTH-stimu-
lated cells (Fig. 1A) or ACTH-stimulated cells (Fig. 1B).

None of the compounds affected either the DNA content
per well or the resazurin reduction in the alamarBlue



Fig. 1. The effects of compounds IsoQ A, #31, and #32 on the cortisol production of non–ACTH-stimulated (A) and ACTH-stimulated (B) canine primary normal
adrenocortical cell cultures (n ¼ 8). Cortisol concentrations are shown in percentages, normalized to the control. Asterisks represent significant differences
compared to the control: *P < 0.05 and **P < 0.01.
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viability assay of either non–ACTH-stimulated or ACTH-
stimulated normal adrenocortical cells (data not shown).

3.1.2. Adrenocortical tumor cell cultures (n ¼ 3)
In the AT cell cultures, 10 mM of #31 inhibited the

cortisol production of 2 ATs but did not inhibit cortisol
production of one AT (Table 1). Compound IsoQ A slightly
inhibited the cortisol production of only one AT, and #32
did not inhibit the cortisol production of any AT (Table 1).

None of the compounds affected either the DNA content
per well or the resazurin reduction in the alamarBlue
viability assay of the AT cells (data not shown).

3.2. Reverse transcriptase quantitative PCR

3.2.1. Normal adrenocortical cell cultures (n ¼ 8)
In the normal adrenocortical cell cultures, addition of

1 mM ACTH (1–24) significantly upregulated the mRNA
expression of CYP17 (P¼ 0.012), HSD3B2 (P¼ 0.012), CYP21
(P¼ 0.012), SF-1 (P¼ 0.017) andMC2R (P¼ 0.012), whereas
it significantly downregulated the mRNA expression of
DAX1 (P ¼ 0.012) (Fig. 2).

In the non–ACTH-stimulated normal adrenocortical cell
cultures, #31 significantly downregulated the mRNA
expression of CYP17 (P ¼ 0.035), HSD3B2 (P ¼ 0.035),
CYP21 (P ¼ 0.035) (Fig. 3A), and MC2R (P ¼ 0.035) (Fig. 3B).
Table 1
The cortisol production of ATcell cultures compared to the control and the
SF-1 mRNA expression of the primary AT cells.a

AT % Cortisol
production
þ IsoQ A

% Cortisol
production
þ #31

% Cortisol
production
þ #32

SF-1 fold
change

1 84 106 179 0.8
2 107 85 144 1.7
3 112 66 108 4.1

AT, cortisol-secreting adrenocortical tumor; SF-1, steroidogenic factor-1.
a The percentage of cortisol production compared to the DMSO vehicle

control after incubation with 10 mM of compounds IsoQ A, #31, or #32 in
each individual canine cortisol-secreting AT cell culture and the fold
change of SF-1 in the primary AT, relative to 4 normal adrenal glands.
In the ACTH-stimulated normal adrenocortical cell cultures,
#31 significantly downregulated the expression of HSD3B2
(P ¼ 0.035), CYP21 (P ¼ 0.035) (Fig. 3C), and MC2R (P ¼
0.035) (Fig. 3D). Compounds IsoQ A and #32 did not affect
the mRNA expression of the genes analyzed in this study in
either non–ACTH-stimulated or ACTH-stimulated normal
adrenocortical cell cultures (Fig. 3).

3.2.2. Adrenocortical tumor cell cultures (n ¼ 3)
Based on the results from the normal adrenocortical cell

cultures, we determined whether #31 had similar effects
on the mRNA expressions of CYP17, HSD3B2, CYP21, and
MC2R in the AT cell cultures. In all the AT cell cultures, #31
inhibited the expression of CYP17 (fold changes 0.4, 0.7, and
0.7), HSD3B2 (fold changes 0.3, 05, and 0.9), CYP21 (fold
changes 0.3, 0.7, and 0.8) and MC2R (0.4, 0.4, 0.5). Due to
the low number of AT cell cultures, no statistical analyses
were performed on this data.

The fold changes of SF-1 in the primary ATs relative to 4
normal adrenal glands are shown in Table 1, combined with
the percentages of cortisol production compared to the
DMSO vehicle control when incubated with 10-mM of
compounds IsoQ A, #31 and #32.
4. Discussion

This study demonstrates that canine primary adreno-
cortical cell culture is a valuable in vitro system that can be
used to test potential future treatment options for canine
hypercortisolism. We have shown that, with our culture
protocol, canine primary adrenocortical cells retained their
hormone-producing abilities and their responsiveness to
ACTH in vitro. This makes this in vitromodel superior to the
most commonly used human ATcell line NCI-H295R, which
responds only mildly or not at all to ACTH stimulation [31]
and is therefore not a suitable model to study PDH.
Furthermore, the 3 AT cell cultures provide a proof of
concept that this primary culture system is not only
possible for normal canine adrenocortical cells but also for
canine AT cells. Because of the heterogeneous nature of



Fig. 2. The effects of addition of 1-mM ACTH [1–24] on the relative mRNA
expression of steroidogenic enzymes (CYP17, HSD3B2, and CYP21) and ste-
roidogenic factors (SF-1, DAX1, and MC2R) in canine normal adrenocortical
cell cultures (n ¼ 8). Fold changes are normalized to the non–ACTH-stim-
ulated control. Asterisks represent significant differences compared to the
non–ACTH-stimulated controls: *P < 0.05. CYP17, 17a-hydroxylase/17,20-
lyase; CYP21, 21-hydroxylase; DAX-1, dosage-sensitive sex reversal-adrenal
hypoplasia congenita critical region on the X chromosome gene 1; HSD3B2,
3b-hydroxysteroid dehydrogenase 2; MC2R, melanocortin 2 receptor; SF-1,
steroidogenic factor-1.
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cells in primary cell culture, this in vitro system more
closely resembles the heterogeneous in vivo conditions
than a single cell line does and could also be used as an
animal in vitro model for human hypercortisolism.

This study shows that compound #31 is an effective
inhibitor of cortisol production and SF-1 target gene
expression in primary cell culture of normal canine adre-
nocortical cells, both with and without ACTH stimulation.
The inhibition of cortisol production does not seem to be
caused by a decrease in the number or the viability of the
cells, because #31 did not decrease the DNA content or
inhibit the cell viability. Compound #31 was more potent
than IsoQ A or #32, both in terms of inhibition of mRNA
expression levels of SF-1 target genes and of inhibition of
cortisol production. This difference in potency makes #31
an interesting candidate for further development into a
new drug to treat canine hypercortisolism.

The objective of using SF-1 inverse agonists is to inhibit
the transcriptional activity of SF-1. The activity of SF-1 is
affected by posttranslational modifications such as phos-
phorylation, acetylation, and sumoylation [13,32–34].
Although the term “orphannuclear receptor” implies that it is
unknown whether there are physiological ligands that
regulate the transcriptional activity of SF-1, more recent
structural analyses showed that bacterially expressed SF-1
protein contains a large hydrophobic ligand-binding pocket
filledwith phospholipids,which could function as regulatory
ligands [35–37]. Depending on fatty acid tail length, effects of
the phospholipids on bacterially expressed SF-1 activity are
either inhibitory or stimulatory [36].

The transcriptional activity of SF-1 can be stimulated by
ACTH. Binding of ACTH to the MC2R activates a cyclic AMP
(cAMP)-dependent signal transduction cascade that even-
tually results in increased transcription of steroidogenic
enzymes [13,38], as also shown in Figure 2. This increase in
transcription is caused, at least partly, by increased SF-1
activity. In NCI-H295R cells, cAMP signaling activates SF-1
by decreasing the amount of inhibitory ligands bound to
SF-1 (such as sphingosine) [39] and increasing the amount
of stimulatory ligands bound to SF-1 (such as phosphatidic
acid) [40]. However, the regulation of nuclear receptors by
phospholipids is a relatively young field of research [41], in
which there is still much to be explored.

In addition to increasing SF-1 activity, cAMP signaling
also increases SF-1 protein expression [42]. Some studies
report that this increased protein expression is not caused
by increased mRNA expression of SF-1 but by increased
stability of the SF-1 protein [42–46], although other studies
report that cAMP signaling does increase SF-1 mRNA
expression [47–49]. In the present study, we did not
determine whether ACTH affected the SF-1 protein
expression, but addition of ACTH did significantly increase
the SF-1 mRNA expression in the normal canine primary
adrenocortical cells. This finding supports the concept that
the cAMP-induced increased SF-1 protein expression is at
least partly caused by increased SF-1 mRNA expression.

Another important regulator of the transcriptional ac-
tivity of SF-1 is DAX1. DAX1 inhibits SF-1 activity both by
binding to gene promoters that are regulated by SF-1, as
well as by directly interacting with SF-1 [50]. Similar to
previously reported results [47], our results show that
ACTH inhibits DAX1 mRNA expression, which shows
another way by which ACTH increases SF-1 activity.

How the compounds used in the present study affect the
transcriptional activity of SF-1 is still unknown. Possible
mechanisms of action include binding inside the ligand
binding pocket of SF-1 or interfering with the interaction of
transcriptional cofactors with SF-1 [23]. In the present
study, the compounds did not affect the mRNA expression
of SF-1, but we did not determine whether the compounds
affect the protein expression of SF-1. However, since the
compounds did not affect SF-1 protein expression in NCI-
H295R cells [23], it seems unlikely that the effects of the
compounds are caused by inhibition of the SF-1 protein
expression.

In the present study, #31 resulted in different degrees of
cortisol inhibition in the AT cell cultures, which could be
explained by the different SF-1 mRNA expressions of these
tumors. This hypothesis is supported by Table 1, where we
see that the adrenocortical cells from the AT with the
greatest SF-1 mRNA expression show most cortisol inhibi-
tion by #31, whereas the adrenocortical cells from the AT
with the lowest SF-1 mRNA expression show least cortisol
inhibition by #31. This is similar to the findings by Dogh-
man et al, who showed that the effect of the compounds is



Fig. 3. The effects of compounds IsoQ A, #31, and #32 on the relative messenger RNA expression of steroidogenic enzymes (A and C) and SFs (B and D) in non–
ACTH-stimulated (A and B) and ACTH-stimulated (C and D) canine primary normal adrenocortical cell cultures (n ¼ 8). Fold changes are normalized to the
controls. Asterisks represent significant differences compared to the ACTH-stimulated controls: *P < 0.05. CYP17, 17a-hydroxylase/17,20-lyase; CYP21, 21-hy-
droxylase; DAX-1, dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome gene 1; HSD3B23b-hydroxysteroid dehy-
drogenase 2; MC2R, melanocortin 2 receptor; SF, steroidogenic factor.
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SF-1-dosage dependent [23], which indicates that these
compounds specifically target SF-1 activity. However, the
low number of ATs used in the present study makes it
difficult to draw any reliable conclusions. Nevertheless, we
included the 3 ATs to show that #31 may not only have
potential in dogs with PDH but also in dogs with ATs that
have high SF-1 expression.

Since ACTH increases SF-1 activity and the effects of the
compounds are SF-1-dosage dependent, we expected that
the effects of the compounds would be more evident in the
ACTH-stimulated cells. However, the inhibition of cortisol
production by #31 seems to be comparable between non–
ACTH-stimulated and ACTH-stimulated normal adreno-
cortical cells. In fact, the inhibition of the mRNA expression
of the steroidogenic enzymes by #31 was even greater in
the non–ACTH-stimulated cells than in the ACTH-
stimulated cells. Possibly, the metabolic stability of the
ACTH was greater than that of the compounds, resulting in
an underestimation of the effects of the compounds after
72 h of incubation. To confirm this, repeat experiments
could include different incubation times, measuring the
compound concentrations in the culture medium at
different time points or reincubating the cells with fresh
compounds during the course of the experiment.

In ATs, a big advantage of inhibiting SF-1 activity would
be to also inhibit AT cell proliferation. In the study by
Doghman et al (2009), compounds IsoQ A, #31, and #32 all
significantly inhibited the SF-1 overexpression–induced
cell proliferation in NCI-H295 R cells, which they deter-
mined by counting the cells [23]. In the present study, the
compounds did not inhibit the DNA content or cell viability
of normal adrenocortical or ATcells after 72 h of incubation.
However, the primary adrenocortical cells in our current
culture system have a low proliferation rate, and longer
incubation times could therefore be necessary to detect an
inhibitory effect on cell proliferation. Since our results
show that #31 is an effective inhibitor of SF-1–dependent
steroidogenesis, the hypothesis that #31 could also inhibit
SF-1–dependent proliferation seems likely. To determine
whether using SF-1 inverse agonists could be useful to
inhibit proliferation of ATs, further research is necessary on
a larger AT sample size and in vivo.
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Since ACTH increases SF-1 activity, the use of SF-1 in-
verse agonists could be beneficial in all patients with PDH,
ie, the majority of dogs with spontaneous hypercortisolism.
As previously mentioned, in ATs, SF-1 inverse agonists will
only have additional value in patients of which the ATs have
normal to high SF-1 expression. Dogs with ATs with rela-
tively high SF-1 mRNA expression have a greater chance of
recurrence of hypercortisolism compared to dogs with
relatively low SF-1 mRNA expression [20], similar to
humans with ATs in which SF-1 protein expression is an
important prognostic factor [51,52]. This group with high
SF-1 expression therefore has the most need for additional
treatment, and SF-1 inverse agonists could be a promising
future treatment in these patients. The greatest chance of
therapeutic success would therefore be when SF-1 inverse
agonists are used in personalized medicine, where the SF-1
expression of an individual AT is determined prior to
initiation of therapy. Since this can only be determined in
tumors after a patient has undergone adrenalectomy, this
could be feasible as postoperative adjuvant therapy. In
addition, further research could focus on whether the SF-1
expression of an AT can reliably be determined from fine
needle biopsies taken from canine ATs in situ. Alternatively,
it would be very interesting to study whether there are
peripheral biomarkers that correlate with a high SF-1
expression in the tumor, for example, circulating cell-free
microRNAs [53].

5. Conclusion

Canine primary adrenocortical cell culture is a valuable
in vitro culture system that can be used to test potential
future treatment options for hypercortisolism. This study
shows that #31 is an effective inhibitor of cortisol pro-
duction and SF-1 target gene expression in vitro. Its effects
in vivo and its effects on AT cells are worthwhile to inves-
tigate further. In conclusion, inhibition of SF-1 activity
showsmuch promise as a potential future treatment option
in canine hypercortisolism.
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