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aBSTraCT

Glucocorticoids mediate numerous essential processes in the human body via binding 

to the glucocorticoid receptor (GR). Excessive GR signaling can cause disease, and GR 

antagonists can be used to treat many symptoms of glucocorticoid-induced pathology. 

The purpose of this study was to characterize the tissue-specific properties of the selec-

tive GR antagonist CORT125281. We evaluated the antagonistic effects of CORT125281 

upon acute and subchronic corticosterone exposure in mice. In the acute corticosterone 

setting, hypothalamus-pituitary-adrenal-axis activity was investigated by measurement 

of basal- and stress-induced corticosterone levels, adrenocorticotropic hormone levels 

and pituitary proopiomelanocortin expression. GR signaling was evaluated by RT-PCR 

analysis of GR-responsive transcripts in liver, muscle, brown adipose tissue (BAT), white 

adipose tissue (WAT) and hippocampus. Pretreatment with a high dose of CORT125281 

antagonized GR activity in a tissue-dependent manner. We observed complete inhibi-

tion of GR-induced target gene expression in the liver, partial blockade in muscle and 

BAT, and no antagonism in WAT and hippocampus. Tissue distribution only partially ex-

plained the lack of effective antagonism. CORT125281 treatment did not disinhibit the 

hypothalamus-pituitary-adrenal neuroendocrine axis. In the subchronic corticosterone 

setting, CORT125281 partially prevented corticosterone-induced hyperinsulinemia, but 

not hyperlipidemia and immune suppression. In conclusion, CORT125281 antagonizes 

GR transcriptional activity in a tissue-dependent manner and improves corticosterone-

induced hyperinsulinemia. Tailored dosing of CORT125281 may allow tissue-specific 

inhibition of GR transcriptional activity.
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inTrOduCTiOn

Glucocorticoids (GCs) are adrenal hormones involved in the stress response, regulating 

processes such as immune function and metabolism. The hypothalamus-pituitary-adre-

nal (HPA)-axis controls GC secretion via a cascade of hormonal events: corticotrophin-

releasing hormone from the hypothalamic paraventricular nucleus (PVN) induces adre-

nocorticotropic hormone (ACTH) release by the anterior pituitary thereby triggering GC 

production and secretion by the adrenals [1]. The most widely expressed GC receptor is 

the glucocorticoid receptor (GR), which mediates many effects on target tissues while 

simultaneously dampening HPA-axis activity via negative feedback loops at the level 

of the pituitary and the PVN. Given the pleiotropic nature of GR signaling, excessive 

HPA-axis activity is accompanied by disease, as exemplified by patients with Cushing’s 

syndrome [2]. The classic GR antagonist mifepristone (RU486) is commonly used to treat 

these patients [3]. In research settings mifepristone is often applied to experimentally 

manipulate GR activity. However, mifepristone also antagonizes the progesterone and 

androgen receptors [4-7] and can exhibit partial agonistic properties at GR [4, 8, 9]. 

Therefore there is a need for more selective GR antagonists.

Tissue responsiveness to GR ligands depends on multiple levels of regulation and 

sensitivity can therefore be highly divergent. Besides plasma concentrations, bioavail-

ability of GCs at the receptor depends on the activity of efflux pumps [10, 11] and of 

steroid converting enzymes in the liver and other target tissues [12]. Subsequent ligand-

binding to GR leads to the translocation of the ligand-receptor complex to the nucleus 

where the complex can bind to the DNA to induce or repress gene expression, generally 

involving parallel regulation of hundreds of genes. Eventual GR transcriptional activity 

is influenced by ligand concentration, receptor levels and the presence of transcrip-

tional coregulator proteins. As the factors that determine GR transcriptional output 

are highly context-dependent, genomic GC action is strongly tissue-specific. Likewise, 

the efficacy of GR antagonists can depend on context-specific pharmacokinetics and 

pharmacodynamic cellular characteristics.

CORT125281 is a novel GR antagonist that is being developed to counteract patholo-

gies that result from overactive GC signaling [13]. Unlike mifepristone, CORT125281 

lacks cross-reactivity with other nuclear receptors [4]. CORT125281 has beneficial 

effects in metabolic disease models, which is likely in part mediated via activation of 

brown adipose tissue (BAT) [4]. In this study we characterized the antagonistic activ-

ity of CORT125281 in various GC-sensitive tissues in lean male mice. We show that 

GR antagonism by CORT125281 is not only dose dependent, but also strongly tissue 

dependent.
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MaTeriaLS and MeTHOdS

animals

All studies involving animals were approved by the institutional ethics committee on 

animal care and experimentation at the Leiden University Medical Center. The 8-week 

old male C57Bl/6J mice (Charles River, Sulzfeld, Germany) were housed in ventilated 

cages with a 12:12 hours light-dark regime and ad libitum access to food and water. In 

the acute corticosterone exposure experiments, mice received a synthetic chow diet 

(Research Diets, New Brunswick, NJ) containing vehicle or CORT125281 (6, 20 or 60 

mg/kg/day, Corcept Therapeutics, Menlo Park, CA) for 6 days. At day 6, mice were in-

jected subcutaneously with 200 µl solvent (EtOH:PBS 1:20) or 1.5 mg/kg corticosterone 

(Sigma-Aldrich, Zwijndrecht, Netherlands) 1 hour prior to killing by cervical dislocation. 

In the subchronic corticosterone exposure experiment, standardized conditions were 

used, i.e. regular chow diet, in which we evaluated a therapeutic treatment regimen 

of daily oral antagonist administration. Mice were subcutaneously implanted with a 

sham- (100 mg cholesterol) or a corticosterone-pellet (12.5 mg corticosterone (Sigma-

Aldrich), 87.5 mg cholesterol) while under isoflurane anesthesia and buprenorphine 

analgesia (0.03 mg/kg, Reckitt Benckiser Healthcare, Hull, United Kingdom). Mice were 

treated daily with vehicle, 60 mg/kg mifepristone (Corcept Therapeutics) or 60 mg/

kg CORT125281 (dissolved in PBS with 0.1% Tween-80 and 0.5% hydroxypropylmeth-

ylcellullose, Corcept Therapeutics) via oral gavage for 5 days, after which mice were 

euthanized by CO2 inhalation. Throughout the experiment, body weight was monitored 

and body composition was determined with EchoMRI™ (Frankfurt, Germany). After 

5 days, blood was collected from the lateral tail vain in paraoxon-coated capillaries 

after 6 hour fasting. Plasma triglyceride, total cholesterol, free fatty acid, glucose and 

insulin levels were determined using commercially available kits (Roche, Almere, Neth-

erlands; Instruchemie, Delfzijl, Netherlands and Crystal Chem, Zaandam, Netherlands). 

Blood concentrations of the major leukocyte classes, i.e. lymphocytes, monocytes and 

eosinophils, were determined in whole blood using an automatic veterinary hematology 

analysis (Sysmex XT-2000iV; Goffin Meyvis, Etten-Leur, the Netherlands).

In both acute and subchronic corticosterone experiments, relevant tissues (including 

quadriceps muscle, interscapular BAT, gonadal white adipose tissue (WAT), adrenals, 

spleen, thymus, pituitary, and hippocampus) were collected to determine tissue weight 

and/or for further molecular analysis.

ACTH and corticosterone measurements and novelty stress test

Stress-free blood samples were collected via a tail incision within 60 seconds for ACTH 

and within 120 seconds for corticosterone, i.e. before hormone levels rise due to the 

sampling procedure. Samples for basal plasma corticosterone levels were collected at 
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AM (08:00) and PM (18:00) at day 2 and 4. Novelty stress tests were performed in 

the morning (between 08:00-12:00) after 2 days of exposure to CORT125281. At t=0 

a blood sample was collected, after which mice were placed in a novel cage without 

bedding. After 10 min, a second blood sample was collected and mice were placed 

back in their original home cage. Blood was additionally collected at t=30, 60 and 

120 min. Plasma corticosterone and ACTH levels were determined using a HS EIA kit 

(Immunodiagnosticsystems, Boldon Business Park, UK) or a Double Antibody hACTH 125I 

RIA kit (MP Biomedicals, Amsterdam, Netherlands) respectively.

RNA isolation, cDNA synthesis and real-time quantitative PCR

Total RNA was isolated from snap frozen tissues using TriPure isolation reagent (Roche). 

After reverse transcription to cDNA (Promega, Leiden, the Netherlands), RT-qPCR was 

performed using IQ SYBR-Green supermix and MyIQ thermal cycler (Bio-RAD CFX96, 

Veenendaal, Netherlands ). Primers were tested for high efficiency (90%-110%) and for 

amplification of a single PCR product. All primer sequences are listed in Sup. Table 1 

with the exception of Ncor1 and Ncor2 which were purchased from Qiagen (Stockach, 

Germany). Fold change expression was calculated using the 2-ΔΔCT method.

in situ hybridization

For dual label in situ hybridization, frozen unfixed pituitaries were embedded in 

tissue-tek OCT (Sakura Finetek, Alphen aan den Rijn, Netherlands), sliced (12 µm) 

and collected on glass slides (Superfrost Plus, Thermo Fisher Scientific, Landsmeer, 

the Netherlands). Dual label in situ hybridization was performed using the QuantiGene 

ViewRNA ISH Tissue 2-Plex Assay (Thermo Fisher Scientific) and pictures were captured 

with a wide-field microscope (DM6B, Leica Microsystems, Rijswijk, the Netherlands). 

For 4-plex in situ hybridization, frozen, unfixed brain slices (12 µm) were collected 

on glass slides at bregma -0.772 mm (PVN) and -1.532 mm (hippocampus). 4-plex in 

situ hybridization was performed using the RNAScope fluorescent multiplex assay and 

RNAscope 4-plex ancillary kit (Advanced Cell Diagnostics, Newark, CA) and Opal fluo-

rophores 520, 570, 620 and 690 (PerkinElmer, Hoogvliet Rotterdam, the Netherlands). 

Pictures were captured with a confocal microscope (SP8 WLL, Leica Microsystems). All 

pictures were analysed with ImageJ Software (NIH, USA).

Quantification of serum and tissue CORT125281 concentration

Compound levels were assessed against standard curves for CORT125281, ranging from 

0.05-20 µM in each tissue. Tissues were weighed and water was added at three-fold 

the weight of each individual sample before homogenising. Internal standard (90 µl 

of 1 µM Leucine Enkephalin in Acetonitrile) was added to all samples, standard curves 

and quality control spikes of CORT125281 . After centrifugation, a fixed volume of 
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supernatant was removed and pellets were dissolved in water. The samples were then 

analysed by LC-MS utilising a QTRAP 5500 mass spectrometer (Sciex, Warrington, UK), 

UPLC (Agilent, Cheshire, United Kingdom) instrument, equipped with a C18 Cortecs 

UPLC analytical column (2.1x30 mm, 1.6 mm particle size). Separation was achieved 

with a time programmed gradient of mobile phase A (water + 0.1% (v/v) formic acid) 

and mobile phase B (acetonitrile + 0.1% (v/v) formic acid) with a flow rate of 0.65 mL/

min at a temperature of 35°C. The gradient started with a mobile phase composition 

of 5% B which was held for 0.1 min. The percentage of B was then linearly ramped 

to 95% over 0.1 to 1.2 min and then held constant up to 1.3 min. Finally, the column 

was re-equilibrated for 0.1 min at the initial conditions of 5% B. The retention time 

of CORT125281 was 0.86 min. The mass spectrometer was set to operate in negative 

ion mode. The ion source temperature was 650 °C, the ion spray voltage was −4000 V, 

gases 1, 2 and curtain gas were 30 V, 60 V and 35 V, respectively, and the entrance and 

collisition exit potential were -10 V and -13 V. The collision energy and declustering 

potential used for the multiple reaction monitoring (MRM) transitions of CORT125281 

were -28 V and -60 V, the Q1 and Q3 masses were 588.649 Da and 248.800 Da, while the 

collision energy and declustering potential for the internal standard were -40 V and 0 V 

and the Q1 and Q3 masses 554.2 Da and 235.9 Da.

Peptide interaction profiling

Interactions between the GR ligand-binding domain and coregulator nuclear receptor 

boxes were determined by MARCoNI (Microarray Assay for Real-time Coregulator-Nuclear 

receptor Interaction), as described previously [14, 15]. As the assay utilizes human 

GR, experiments were performed with cortisol rather than corticosterone. In brief, 

each array containing a set of 154 peptides representing coregulator-derived nuclear 

receptor binding motifs was incubated with a reaction mixture of 1 nM glutathione 

S-transferase (GST), tagged GR-ligand binding domains (PV4689), Alexa Fluor 488–con-

jugated GST antibody (25 nM, A-11131), buffer F (PV4547; all Invitrogen) and vehicle 

(2% DMSO in water) with or without receptor ligands cortisol (1 µM), dexamethasone (1 

µM), mifepristone (0.1 µM) or CORT125281 (1 µM). Incubation was performed at 20°C in 

a PamStation96 (PamGene International, Den Bosch, Netherlands) for 40 min. Receptor 

binding to each peptide on the array, reflected by a fluorescent signal, was quantified 

by analysis of .tiff images using BioNavigator software (PamGene International, Den 

Bosch, Netherlands).

Statistical analysis

All data are expressed as mean ± SEM. All p-values are two-tailed and p<0.05 was 

considered as statistically significant; p<0.1 as statistical trend. Balanced data concern-

ing more than two groups with one or two factors were analysed with a one-way or 
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two-way ANOVA respectively, with a Tukey post-hoc test. Unbalanced data with two 

factors were analysed with linear mixed models, which included independent variables 

as fixed factors and dependent variables as random factors. For the random effects, 

i.e. random slopes and intercepts, the model used an unstructured covariance matrix. 

The main parameters for our power calculations were based on gene expression of GR 

target genes, with a power of 80%, type I error probability of 0.05, a difference of 40% 

for the 60 mg/kg/day dose and of 30% for the 6 mg/kg/day and a standard deviation 

of ~20-25%.

reSuLTS

CORT125281 inhibits GR transcriptional activity in a tissue-dependent manner

We first evaluated the overall capacity of CORT125281 to inhibit GR transcriptional 

activity by acute injection of corticosterone (1.5 mg/kg) or solvent in animals pre-

treated with a high dose of CORT125281 (60 mg/kg/day, via the food). CORT125281 

treatment did not alter body weight nor food intake (Sup. fig. 1a-C). Using RT-qPCR 

we analyzed in several tissues expression levels of four general and well-established GR 

target genes: FK506-binding protein 51 (Fkbp5), glucocorticoid-induced leucine zipper 

(Gilz/Tsc22d3), Serum/Glucocorticoid Regulated Kinase 1 (Sgk1) and Metallothionein 2 

(Mt2a). Corticosterone upregulated expression of all GR target genes in liver, muscle, 

BAT, WAT and hippocampus, with the exception of Sgk1 in muscle, BAT and hippocampus 

and Mt2a in hippocampus (fig. 1a-e). We observed that CORT125281 exhibited a tissue-

specific pattern of GR antagonism: i.e. complete blockade of corticosterone-induced 

mRNA in the liver (fig. 1a); inhibition of only a subset of corticosterone-induced genes 

in muscle and BAT (fig. 1B-C) and no effects in WAT and hippocampus (fig. 1d-e). 

In the liver, CORT125281 also blocked the induction of tissue-specific GR target gene 

phosphoenolpyruvate carboxykinase 1 (Pepck), and a similar pattern was observed for 

glucose-6-phosphatase (G6pc) [16, 17]. Ubiquitin E3 ligase (Murf1) induction was com-

pletely blocked in muscle, unlike protein regulated in development and DNA damage 

response 1 (Redd1) [18, 19]. In white adipose tissue, Fas and Angptl4 were not induced 

by corticosterone in this time frame. We separately studied the effects of CORT125281 

treatment (60 mg/kg/day) in intact animals without prior corticosterone exposure. 

CORT125281 inhibited mRNA levels of Gilz and G6p in the liver (Sup. fig. 1d) but did 

not affect GR target gene expression in muscle and WAT (Sup. fig. 1e-f). CORT125281 

upregulated Cd36 in BAT while it downregulated expression of Sgk1 and Mt2a in the 

hippocampus, albeit to a very modest extent (Sup. fig. 1G-H). Collectively the data 

show that CORT125281 inhibits GR transcriptional activity in a tissue-specific manner, 

both after corticosterone injection and under basal conditions.
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CORT125281 inhibits GR transcriptional activity in a dose-dependent 
manner in peripheral tissues

To characterize dose-dependency of GR antagonism, we performed a study with lower 

doses of CORT125281 (6 and 20 mg/kg/day) for 6 days before corticosterone or solvent 

injection 1 hour prior to tissue collection. CORT125281 treatment again did not alter body 

weight or food intake (Sup. fig. 2a-C). As expected, we observed a robust upregulation 

of most GR-responsive genes after corticosterone treatment (fig. 2a-L). In the liver, 
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Figure 1: CORT125281 exhibits tissue-specific GR antagonism. Mice received vehicle or 60 mg/kg/day 
CORT125281 for 6 days and received a solvent or corticosterone injection 1 hour prior to killing. A) In the liver, 
CORT125281 fully blocked the corticosterone-induced upregulation of general GR target genes Fkbp5, Gilz, Sgk1 
and Mt2a and liver-specific GR target genes G6pc and Pepck. CORT125281 inhibited a subset of genes in B) quad-
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E) hippocampus. Values are means ± SEM of N=7 mice per group. Statistical significance was calculated using a 
one-way ANOVA with Tukey’s multiple comparisons test.* p<0.05, ** p<0.01, *** p<0.001.
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CORT125281 administration at lower doses partially inhibited corticosterone-induced 

GR transcriptional activity of Fkbp5, Gilz, Sgk1 and Mt2a (fig. 2a-d). CORT125281 also 

inhibited Mt2a expression in solvent-injected mice (fig. 2d). For certain GR-responsive 

genes, 6 mg/kg/day CORT125281 was sufficient to attenuate corticosterone-induced 

expression (i.e. Sgk1 and Mt2a, fig. 2C-d), while for others a dose of 20 mg/kg/day 

was required (i.e. Fkbp5 and Gilz, fig. 2a-B). The potency of CORT125281 for effec-

tive inhibition thus differed per GR target gene, conform Monczor et al. [20]. In BAT 

the antagonistic actions of CORT125281 were completely lost at the 6-20 mg/kg/day 

doses (fig. 2e-H). Similar to the 60 mg/kg/day CORT125281 results, lower doses of 

CORT125281 did not inhibit GR transcriptional activity in WAT, even though the induc-

tion by corticosterone in this tissue tended to be modest in this experiment (fig. 2i-L).

CORT125281 does not antagonize GR activity in the brain during excess 
corticosterone exposure

To analyze activity of CORT125281 in the brain at a cellular level, we measured Gilz 

mRNA and Fkbp5 heteronuclear RNA (hnRNA) levels in the hippocampus and PVN by in 

situ hybridization. Mice were treated with CORT125281 (6-20 mg/kg/day) or vehicle and 

received a corticosterone or solvent injection 1 hour prior to tissue collection. We chose 

hnRNA since hippocampal Fkbp5 hnRNA levels peak 1 hour after corticosterone exposure 

while Fkbp5 mRNA levels peak after 3 hours [21]. Corticosterone upregulated Gilz mRNA 

and Fkbp5 hnRNA in most hippocampal subfields, while CORT125281 did not prevent this 

induction (fig. 3a-C). However, CORT125281 upregulated basal levels of Fkbp5 hnRNA 

in CA2 and CA3 regions (fig. 3C). In the PVN, corticosterone increased Fkbp5 hnRNA, 

but not Gilz mRNA levels (fig. 3d-f). Similar to the hippocampus, CORT125281 had 

little effect on corticosterone-induced Fkbp5 hnRNA levels, nor on Gilz mRNA levels in 

the PVN. Hippocampal expression of GR (Nr3c1) mRNA was unaltered by all treatments 

(fig. 4a-B), but hippocampal expression of mineralocorticoid receptor (MR; Nr3c2) was 

increased by CORT125281 (fig. 4B-C). In the PVN, mRNA expression of both receptors 

was unaffected by all treatments (fig. 4d-f). In summary, 6 and 20 mg/kg CORT125281 

did not inhibit corticosterone-induced mRNA expression in the hippocampus and PVN, 

but did upregulate hnFkbp5 and Nr3c2 expression in the hippocampus.

CORT125281 does not interfere with GR-mediated negative feedback

Many GR antagonists display some partial agonistic effects on the GR, thereby affecting 

HPA-axis activity in vivo. We previously showed that chronic administration of mifepris-

tone but not CORT12581 via the food suppressed endogenous corticosterone levels [4]. 

In fact, CORT125281 restored the diurnal corticosterone rhythm which was flattened 

by the high-fat diet in these experiments [4]. In the current study, we investigated the 

influence of continuous CORT125281 treatment on HPA-axis activity and corticosterone 
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Figure 2: CORT125281 inhibits GR transcriptional activity in a dose- and tissue-dependent manner. Mice 
received vehicle or 6-20 mg/kg/day CORT125281 for 6 days and received a solvent or corticosterone injection 
1 hour prior to killing. CORT125281 partially prevented the corticosterone-induced upregulation of A-D) Fkbp5, 
Gilz, Sgk1 and Mt2a in the liver. CORT125281 did not antagonize GR transcriptional activity in E-H) brown adipose 
tissue (BAT) and I-L) white adipose tissue (WAT). Values are means ± SEM of N=7-8 mice per group. Statistical 
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figure 3: COrT125281 does not antagonize Gilz and Fkbp5 expression in the brain during excess corti-
costerone exposure. Mice received vehicle or 20 mg/kg/day CORT125281 for 6 days and received a vehicle 
or corticosterone injection 1 hour prior to killing. A-C) Corticosterone increased expression levels of Gilz (red) 
mRNA in CA1 and CA2 regions of the hippocampus and of Fkbp5 hnRNA (white) in the CA2, which was not pre-
vented by CORT125281. D-F) In the paraventricular nucleus of the hypothalamus (PVN), corticosterone did not 
affect Gilz (red) expression, but tended to induce Fkbp5 (white) hnRNA expression, which was not prevented 
by CORT125281. Values are means ± SEM of N=7-8 mice per group. Statistical significance was calculated using 
linear mixed models. * p<0.05.
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figure 4: COrT125281 does not inhibit corticosterone-induced Nr3c1 and Nr3c2 expression in the brain. 
Mice received vehicle or 20 mg/kg/day CORT125281 for 6 days and received a vehicle or corticosterone injection 
1 hour prior to killing. A-C) Neither corticosterone nor CORT125281 affected Nr3c1 (Gr, yellow) mRNA levels in 
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paraventricular nucleus of the hypothalamus (PVN). Values are means ± SEM of N=7-8 mice per group. Statistical 
significance was calculated using linear mixed models. * p<0.05.
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rhythm under regular diet conditions. After 2 and 4 days of CORT125281 administration 

(6-20 mg/kg/day), we collected stress-free blood for hormone measurement at trough 

(08:00, AM) and peak (18:00, PM). At PM on day 4, circulating levels of ACTH were 

unchanged by CORT125281 treatment at both dosages (fig. 5a), which was in line with 

unaltered expression of pro-opiomelanocortin (Pomc) in the anterior pituitary, which 

after enzymatic cleavage yields the ACTH peptide (fig. 5B-C). The anterior pituitary 

was responsive to CORT125281 treatment though, as GR (Nr3c1) mRNA expression was 

increased by CORT125281 treatment (Sup. fig. 3a-C). Of note, GR expression was 

considerably higher in the corticotropes compared to the rest of the anterior pituitary 

(Sup. fig. 3d). CORT125281 did not alter basal AM or PM corticosterone levels (fig. 

5d). As GR antagonists can interfere with negative feedback and thereby disinhibit 

the HPA-axis [5, 22], we further examined HPA-axis activity upon novelty stress. At 

all measured time points after the novelty stress, corticosterone levels were similar 

between vehicle, 6 and 20 mg/kg/day CORT125281-treated mice (fig. 5e), as were the 

adrenal weights (fig. 5f). The lack of effects of CORT125281 could be explained by the 

lower dose used in this experiment. We therefore analyzed basal and stress-induced 

HPA-axis activity in mice treated with 60 mg/kg/day CORT125281. Also at a higher 

dose, CORT125281 did not alter AM and PM corticosterone levels nor adrenal weights 

(fig. 5G-H). Peak novelty stress-induced corticosterone levels were slightly attenuated 

(fig. 5i-J), while the slope during the recovery phase (between t= 30 and 120 min) was 

unaltered. Altogether these results demonstrate that CORT125281 does not suppress 

nor disinhibit basal and stress-induced corticosterone levels.

COrT125281 tissue-distribution or coregulator recruitment does not fully 
explain tissue-specific GR antagonism

To examine if tissue-specific patterns of GR antagonism could be explained by differ-

ences in exposure, we measured CORT125281 concentrations in plasma, liver, BAT, 

WAT and the brain neocortex of mice treated with 60 mg/kg/day CORT125281 (fig. 

6a-B). High CORT125281 levels were observed in WAT (46.7 tissue to plasma ratio), 

intermediate levels were observed in liver and BAT (8.0 and 19.1 tissue to plasma ratio 

respectively) and low levels were detected in the brain (1.8 tissue to plasma ratio). For 

the brain, the lack of GR antagonism may thus be explained by inadequate penetrance 

of CORT125281. Interestingly, hepatic GR activity was fully inhibited upon CORT125281 

treatment despite relatively modest tissue concentrations. For WAT, alternative expla-

nations are required, as the high tissue levels of CORT125281 were not accompanied by 

GR antagonism. One possibility is that CORT125281 requires the interaction between 

the GR and particular transcriptional corepressors for adequate antagonism, which may 

be expressed in a tissue-specific manner [23]. We therefore compared the coregulator 

recruitment by GR for CORT125281, the GR antagonist mifepristone and GR agonists 
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3cortisol and dexamethasone (fig. 6C). Hierarchal clustering of ligand-induced GR-

coregulator interactions revealed that the CORT125281 response profile clustered with 

that of mifepristone. The two antagonists differed in that the corepressor motifs of 

NCOR1 and NCOR2 (also known as SMRT) were strongly bound by the mifepristone-GR 

complex, but only very modestly by CORT125281-GR (fig. 6d). In general, the ligand-

induced interactions followed ‘classic’ pharmacology at the majority of coregulator 

motifs: i.e. GR agonists dexamethasone and cortisol induced motif binding, while both 

GR antagonists lacked this effect (fig. 6e-f). Of note, dexamethasone induced substan-

tial interactions for a number of motifs where cortisol was without effect (fig. 6e). A 

number of motifs were bound by all ligand-GR complexes, although the interactions 

induced by GR antagonists were usually weaker as compared to the GR agonists (fig. 

6d, G). CORT125281 tended to recruit fewer motifs compared to mifepristone (fig. 

6G). Given that CORT125281- and RU486-GR complexes differentially recruited the 

corepressors NCOR1- and 2, we hypothesized that differential Ncor1/2 tissue expression 

may explain the different actions of RU486 and CORT125281. Using RT-qPCR, Ncor1 

levels were found to be 2-4 times values lower in liver compared to other tissues, and 

Ncor2 expression was also 2-4 times lower in liver than in WAT and hippocampus (fig. 

6H). The data show that lack of antagonism by CORT125281 tends to be associated with 

high levels of corepressor expression.

CORT125281 prevents corticosterone-induced hyperinsulinemia

We next tested the ability of CORT125281 to reverse adverse metabolic effects of sub-

chronic corticosterone exposure, and compared this head-to-head with mifepristone. 

Upon corticosterone exposure, mice increased in body weight due to an increase in fat 

mass (fig. 7a-B). Fat mass was non-significantly reduced by mifepristone, but not by 

CORT125281 (fig. 7B). Lean mass was reduced upon subchronic corticosterone exposure 

and was not altered by either mifepristone or CORT125281 treatment (fig. 7C). Corti-

costerone decreased the spleen weight (fig. 7d), which was prevented by mifepristone 

← Figure 5: CORT125281 does not influence basal- or stress-induced HPA-axis activity. Mice received ve-
hicle or 6-20 mg/kg/day CORT125281 for 6 days and received a solvent or corticosterone injection 1 hour prior 
to killing. A) CORT125281 did not alter basal ACTH levels at PM (18:00). Statistical significance was calculated 
with a one-way ANOVA with Tukey’s multiple comparisons test. B-C) CORT125281 did not affect Pomc expression 
(red) in the anterior pituitary (white arrows). D) CORT125281 did not influence basal corticosterone levels at 
the trough (8:00, AM) and peak (18:00, PM). Statistical significance was calculated using linear mixed models. 
E) CORT125281 did not alter novelty stress-induced corticosterone levels at day 2. F) Weight of GC-responsive 
adrenals was unaltered upon CORT125281 treatment. Statistical significance was calculated with a two-way 
ANOVA with Tukey’s multiple comparisons test. G-H) In mice treated with vehicle or 60 mg/kg/day CORT125281, 
CORT125281 did not alter basal corticosterone levels at the trough (08.00, AM) and peak (18:00, PM). Statistical 
significance was calculated with a two-way ANOVA. H-J) While adrenal weights were unaltered by CORT125281 
treatment, peak corticosterone levels after a novelty stressor and the area under the curve (AUC) tended to be 
reduced. Statistical significance was calculated with an independent sample t test. Values are means ± SEM of 
N=6-8 per group. *** p<0.001.
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but not CORT125281, while thymus weight was reduced in all corticosterone-exposed 

groups (fig. 7e). Mifepristone but not CORT125281 fully prevented the corticosterone-

induced immune suppression, i.e. the cell count of total white blood cells, lymphocytes, 

monocytes and eosinophils (fig. 7f-i). Also without excess corticosterone exposure, 

treatment with CORT125281 did not alter immune counts (Sup. fig. 4d). Subchronic 

corticosterone exposure induced hyperinsulinemia, and this was partially prevented 

by CORT125281 and fully prevented by mifepristone treatment, resulting in improved 

glucose levels and HOMA-IR (fig. 7J-L). Both mifepristone and CORT125281 seemed 

to modestly reduce corticosterone-induced hyperlipidaemia (fig. 7M-O). Finally, we 

evaluated the expression of GR target genes Fkbp5, Gilz, Sgk1 and Mt2a in liver, muscle, 

BAT, WAT and hippocampus upon subchronic corticosterone exposure. Mifepristone ef-

fectively prevented corticosterone-induced expression of several GR target genes (fig. 

8a-e), and reduced basal mRNA expression of some GR target genes (e.g. Gilz in liver, 

muscle and BAT; Mt2a in BAT). CORT125281 did not prevent the upregulation of GR target 

gene expression induced by subchronic corticosterone in any of the tissues (fig. 8a-e). 

As insulin levels were reduced by CORT125281, we additionally evaluated expression 

of insulin-dependent target genes G6p and Pepck in liver, glucose transporter 4 (Glut4) 

and lipoprotein lipase (Lpl) in WAT and expression of Glut4 and glycogen synthase kinase 

3b (Gsk3b) in muscle (fig. 8a-B, d). We observed no significant alterations in these 

genes. In conclusion, CORT125281 showed less GR antagonism than mifepristone, but 

did improve corticosterone-induced hyperinsulinemia.

diSCuSSiOn

In this study we investigated the efficacy of the selective GR antagonist CORT125281 

across several doses in various GC-sensitive tissues during acute and subchronic corti-

← figure 6: COrT125281 tissue-distribution or coregulator recruitment does not fully explain tissue-spe-
cific GR antagonism. Mice received 60 mg/kg/day CORT125281 for 6 days and plasma, liver, brown adipose 
tissue (BAT), gonadal white adipose tissue (gWAT) and the neocortex of the brain were collected to determine 
CORT125281 concentrations via mass spectrometry. Concentrations are expressed as A) absolute tissue levels and 
as B) tissue to plasma ratio. Values are means ± SEM of N=7 mice per group. C) To investigate which coregulators 
were recruited by CORT125281, the ligand-induced interactions with coregulator motifs were identified with 
a MARcoNI assay (Microarray Assay for Real-time Coregulator-Nuclear receptor Interaction) and quantified as 
modulation index (MI, log fold change relative to vehicle). The heatmap shows hierarchically clustered modula-
tion indexes for the applied ligands dexamethasone (top row), cortisol (second row), mifepristone (third row) 
and CORT125281 (bottom row). Stars indicate significance relative to vehicle. Some clusters are shown in more 
detail; D) Cluster which includes corepressors NCOR1 and -2, E) Motifs exclusively bound by the dexamethasone-
GR complex, F) Motifs for which interactions are induced by both dexamethasone and cortisol, G) Motifs for 
which interactions are induced by all ligands. H) To explain the tissue-specific actions of CORT125281, Ncor1 and 
2 expression was determined in liver, BAT, WAT, quadriceps muscle and hippocampus in vehicle treated animals. 
Values are means ± SEM of N=4-6 mice per group.
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Figure 7: CORT125281 prevents subchronic corticosterone-induced hyperinsulinemia. Mice were exposed to 
sham or corticosterone (Cort) pellets for 5 days and were treated with CORT125281 (60 mg/kg/day) or mifepris-
tone (MIF, 60 mg/kg/day) via oral gavage. CORT125281 did not prevent corticosterone-induced alterations in A) 
body weight (BW) gain, B) fat mass, C) lean mass, D) spleen weight, E) thymus weight, F) total white blood cells 
(WBC), G) lymphocyte count, H) monocyte count and I) eosinophil count. CORT125281 partially and mifepristone 
fully reversed the corticosterone-induced increase in J) insulin levels, which resulted in improved K) glucose lev-
els and L) HOMA-IR. Both CORT125281 and mifepristone seemed to modestly reduce M) plasma triglycerides, N) 
total cholesterol levels, but did not affect O) free fatty acid levels. Values are expressed as means ± SEM of N=4-6 
mice per group. Statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparisons 
test. * p<0.05, ** p<0.01, ***p<0.001.
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costerone exposure. In the acute setting, CORT125281 (at a high dose of 60 mg/kg/day) 

was fully efficacious as a GR antagonist in the liver, while in BAT and in muscle, corti-

costerone-induced expression of only some target genes was attenuated. In WAT and in 

the brain no GR antagonism by CORT125281 was observed. Lower doses of CORT125281 

revealed dose- and gene-specific GR antagonism in liver, while the antagonistic effects 

of CORT125281 on other tissues were completely lost. During subchronic corticosterone 
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Figure 8: CORT125281 does not inhibit subchronic corticosterone-induced GR transcriptional activity. Mice 
were exposed to vehicle- or corticosterone-pellets for 5 days and were treated with CORT125281 (60 mg/kg/
day) or mifepristone (60 mg/kg/day) via oral gavage. CORT125281 did not prevent the corticosterone-induced 
upregulation of GR target genes in A) liver, B) quadriceps muscle, C) brown adipose tissue (BAT), D) white adipose 
tissue (WAT) and E) the hippocampus. CORT125281 additionally did not affect expression of insulin target genes 
G6p and Pepck in liver, Glut4 and Lpl in WAT and Glut4 and Gsk3b in muscle. Values are means ± SEM of N=4-6 
mice per group. Statistical significance was calculated using a one-way ANOVA with Tukey’s multiple comparisons 
test. * p<0.05, ** p<0.01, ***p<0.001.
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exposure, CORT125281 at 60 mg/kg/day partially restored corticosterone-induced 

hyperinsulinemia, but was inferior to a similar dose of mifepristone in reversing corti-

costerone effects on immune cells and the expression of GR target genes.

CORT125281 was only effective in a subset of tissues and not in the hippocampus 

and WAT. The lack of GR antagonism in the brain can be explained by low tissue con-

centrations (possibly due to poor blood-brain-barrier penetrance of the compound). In 

contrast, tissue levels of CORT125281 did not explain the observed tissue-specificity 

in other tissues, as high compound levels in WAT did not result in GR antagonism. An 

alternative explanation is that particular corepressor proteins are required for effective 

GR inhibition by CORT125281 [24] [25]. However, CORT125281 only induced a few inter-

actions with coregulator motifs. More specifically, the CORT125281-GR complex weakly 

bound the motifs of corepressors NCOR1 and 2, which are recruited by mifepristone to 

actively silence gene expression [23]. These corepressors may play a role in the tissue 

specificity, but are not intrinsically necessary for antagonism, given that in the acute 

setting CORT125281 did act as a full antagonist on corticosterone-induced transcription 

in the liver. For other motifs that predominantly belong to transcriptional coactivators 

rather than corepressors, CORT125281 was weaker than mifepristone, and this may 

relate to the very low partial agonism of CORT125281 that has previously been observed 

in reporter assays [4]. It remains undetermined whether differential coregulator re-

cruitment underlies the tissue-specific actions of CORT125281, although it may account 

for some of the functional disparities between the two compounds.

CORT125281 treatment had metabolic benefit, as it significantly lowered corticoste-

rone-induced hyperinsulinemia. We were unable to elucidate the responsible mecha-

nism. It is possible that CORT125281 directly interferes with β-cell function, given 

that GC can directly act on β-cells to stimulate insulin and glucagon release [26, 27]. 

Although CORT125281 treatment did not alter expression of insulin-dependent target 

genes in liver, WAT and muscle, post-translational modifications and cellular localiza-

tion (which plays a crucial role in Glut4 regulation [28]) may have been affected by 

COR125281.

COR125281 was less effective than RU486 in antagonizing the effects of subchronic 

corticosterone exposure. This difference may be explained by the different half 

maximal inhibitory concentrations of the two antagonists, with IC50 values of 43 nM for 

mifepristone and 427 nM for CORT125281 [4, 29]. Therefore, the dose of CORT125281 

likely was inadequate to fully antagonize GR upon subchronic corticosterone exposure.

At a CORT125281 dose that was sufficient for effective antagonism, HPA-axis activity 

was relatively unaffected during basal and stressed conditions. Acute GR antagonism 

with mifepristone is known to further increase stimulated GC levels due to disinhibition 

of the HPA-axis [5, 22], while chronic administration can lead to suppression of the 

HPA-axis [4, 9, 30]. In our study, we evaluated CORT125281 only in a continuous and not 
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in an acute treatment regimen, which may have allowed for adaptation of the HPA-axis 

responsiveness. Given that during excess corticosterone exposure CORT125281 did not 

antagonize GR in the brain, including at the PVN level, we hypothesize that the nega-

tive feedback loop mediated via the PVN may still be intact and was dominant over the 

negative feedback exerted at the pituitary, confirming earlier findings [31]. The pitu-

itary expresses transcortin-like molecules that bind and neutralize local corticosterone 

levels thereby dampening pituitary negative feedback [31]. Previously published work 

demonstrates an important role of GR in the PVN for adequate negative feedback on 

the HPA-axis [32], while disruption of GR in the level of the pituitary only has a modest 

effect on HPA-axis activity in the context of fluctuations of endogenous glucocorticoids 

[33]. In addition, we observed that CORT125281 increased both Fkbp5 hnRNA and Nr3c2 

mRNA levels in the hippocampus. We hypothesize that Fkbp5 expression followed Nr3c2 

expression, as we previously showed that FKBP5 is likely a direct MR target gene in the 

hippocampus [34].

In conclusion, CORT125281 is a peripheral GR antagonist acting in a tissue- and 

dose-dependent manner, that does not affect basal or stress-induced HPA-axis activity. 

Tailored dosing of CORT125281 may allow tissue-specific GR inhibition by bypassing 

effects on other target tissues.
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Supplementary Table 1- Primer sequences that were used for RT- qPCR analysis

Gene forward primer sequence Reverse primer sequence

Angptl4 GGAAAGAGGCTTCCCAAGAT TCCCAGGACTGGTTGAAGTC

Fas GCGCTCCTCGCTTGTCGTCT TAGAGCCCAGCCTTCCATCTCCTG

Fat/Cd36 GCAAAGAACAGCAGCAAAATC CAGTGAAGGCTCAAAGATGG

Fkbp5 GCCGACTGTGTGTGTAATGC CACAATACGCACTTGGGAGA

G6pc TCCTCTTTCCCATCTGGTTC TATACACCTGCTGCGCCCAT

Gilz TGGCCCTAGACAACAAGATTGAGC CCACCTCCTCTCTCACAGCAT

Mt2a ACGTCCTGAGTACCTTCTCCT GGAGGTGCACTTGCAGTTCTTG

Murf1 TGTGCAAGGAACACGAAGA CCAGCATGGAGATGCAGTT

Pepck ATCTTTGGTGGCCGTAGACCT GCCAGTGGGCCAGGTATTT

Redd1 GCCGGAGGAAGACTCCTCA CATCAGGTTGGCACACAGG

Sgk1 AGAGGCTGGGTGCCAAGGAT CACTGGGCCCGCTCACATTT

Ucp1 TCAGGATTGGCCTCTACGAC TGCATTCTGACCTTCACGAC
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Supplementary Figure 1: The effect of CORT125281 treatment on body weight, food intake and GR target 
gene expression. Mice received vehicle or 60 mg/kg/day CORT125281 via the diet for 6 days. A-C) Body weight 
and food intake was unaffected by CORT125281 treatment. CORT125281 reduced expression of GR target genes 
Gilz and G6pc in the D) liver, but did not affect target gene expression in E) quadriceps muscle and F) gonadal 
WAT. D) In BAT, CORT125281 increased expression of Cd36, while in E) hippocampus Sgk1 and Mt2a were modestly 
decreased. Values are means ± SEM of N=7 mice per group. Statistical significance was calculated using indepen-
dent sample t test. * p<0.05.
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intake. Values are means ± SEM of N=7-8 mice per group. Statistical significance was calculated using a one-way 
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Supplementary figure 3: COrT125281 increases Gr mrna expression in the anterior pituitary. Mice received 
vehicle or 20 mg/kg/day CORT125281 for 6 days and received a vehicle or corticosterone injection 1 hour prior 
to killing. A-C) CORT125281 increased GR mRNA expression (green) in corticotropic (red) and non-corticotropic 
cells. D) GR mRNA expression was most abundant in POMC-positive corticotropes. Values are means ± SEM of 
N=7-8 mice per group. Statistical significance was calculated using linear mixed models. * p<0.05, ***p<0.001.
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Supplementary Figure 4: CORT125281 does not influence immune cell counts. Mice received vehicle or 60 
mg/kg/day CORT125281 via the diet for 6 days. A-D) CORT125281 did not affect the number of total white blood 
cells (WBC), lymphocytes, monocytes and eosinophils. Values are means ± SEM of N=7 mice per group. Statistical 
significance was calculated using independent sample t test.




