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Abstract

Context: Polycystic ovary syndrome (PCOS) is a complex metabolic disorder associated with obesity, insulin resistance, and dyslipidemia.
Hyperandrogenism is a major characteristic of PCOS. Increased androgen exposure is believed to deregulate metabolic processes in various
tissues as part of the PCOS pathogenesis, predominantly through the androgen receptor (AR). Notably, various metabolic features in PCOS
are similar to those observed after excess glucocorticoid exposure.

Objective: We hypothesized that glucocorticoid receptor (GR) signaling is involved in the metabolic symptoms of PCOS.
Methods: In a PCOS model of chronic dihydrotestosterone (DHT) exposure in female mice, we investigated whether GR signaling machinery
was (de)regulated, and if treatment with a selective GR antagonist alleviated the metabolic symptoms.

Results: We observed an upregulation of GR messenger RNA expression in the liver after DHT exposure. In white adipose tissues and liver
we found that DHT upregulated Hsd77b1, which encodes for the enzyme that converts inactive into active glucocorticoids. We found that
preventive but not therapeutic administration of a GR antagonist alleviated DHT-induced hyperglycemia and restored glucose tolerance. We
did not observe strong effects of GR antagonism in DHT-exposed mice on other features like total fat mass and lipid accumulation in various
tissues.

Conclusion: We conclude that GR activation may play a role in glucose metabolism in DHT-exposed mice.
Key Words: androgen receptor, dihydrotestosterone, glucocorticoid receptor, metabolism, polycystic ovary syndrome

Abbreviations: 118-HSD1, 11 beta-hydroxysteroid dehydrogenase type 1; AR, androgen receptor; DHT, dihydrotestosterone; GR, glucocorticoid receptor;
gWAT, gonadal white adipose tissue; iBAT, interscapular brown adipose tissue; mRNA, messenger RNA; OGTT, oral glucose tolerance test; PBS,
phosphate-buffered saline; PCOS, polycystic ovary syndrome; PR, progesterone receptor; sBAT, subscapular brown adipose tissue; sSWAT, subcutaneous

white adipose tissue.

Polycystic ovary syndrome (PCOS) is a common hormonal
disorder in women leading to infertility and is estimated to
have a global prevalence of 6% to 20% [1]. In PCOS, long-
term and continuous exposure to elevated levels of androgens
are considered the major driving force of the clinical features
[2]. In addition to infertility, PCOS is associated with meta-
bolic symptoms such as obesity, insulin resistance, and dysli-
pidemia [1, 3, 4]. Insulin resistance can also induce elevated
androgen levels by reducing sex hormone binding globulin
and thereby resulting in increased free androgen levels and in-
creased androgen signaling [5, 6]. At the molecular level, an-
drogens primarily exert their effects through the androgen
receptor (AR), and preclinical studies in AR knockout mice
have shown that AR signaling is crucial in the development
of PCOS-related symptoms [7, 8]. The AR undergoes a con-
formational change on ligand binding and translocates to
the nucleus, where it exerts its transcriptional effects [9, 10].

Besides the involvement of androgen signaling, the underlying
mechanisms of how metabolic symptoms in PCOS develop
still remain largely unknown. We previously found in male
mice that androgen signaling can strongly influence the out-
come of glucocorticoid signaling [11]. Glucocorticoid recep-
tor (GR) signaling is known to play a major role in various
metabolic process [12, 13], including lipid metabolism [14]
and glucose metabolism [15-17]. Notably, many of the clinic-
al features of PCOS overlap with those of excess glucocortic-
oid exposure [18].

Glucocorticoid signaling is regulated at several levels. At an
enzymatic level active glucocorticoid levels are controlled by
11 beta-hydroxysteroid dehydrogenase type 1 (11B-HSD1)
[19], an enzyme that converts inactive glucocorticoids into ac-
tive glucocorticoids, and that is known to play a role in the de-
velopment of obesity [20]. It has been shown that the androgen
dihydrotestosterone (DHT) increases the expression of
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11B-HSD1 in mouse and human adipose tissue, thereby influ-
encing local turnover of corticosterone/cortisol [21, 22]. The
enzyme 11 beta-hydroxysteroid dehydrogenase type 2 inacti-
vates glucocorticoids, and its expression is more restricted
[18]. In addition to enzymatic regulation, the outcome of GR
signaling is dependent on interaction with coregulatory pro-
teins such as nuclear receptor coactivator 1 (NCOA1/SRC1)
and nuclear receptor coactivator 2 (NCOA2/SRC2) [23, 24].
NCOA1 and NCOA2 were shown to play an important role
in metabolic homeostasis [25-28]. It is important to note that
many of these coregulatory proteins are also involved in AR sig-
naling [29]. Given the similarities in metabolic symptoms in
PCOS and upon excess glucocorticoid exposure, we hypothe-
sized that glucocorticoid signaling may contribute to the meta-
bolic symptoms observed in PCOS [30, 31]. In this study, we
evaluated if GR machinery is altered in female mice on DHT ex-
posure, and explored whether GR antagonism can be used to
alleviate DHT-induced metabolic symptoms. For this, we
made use of the recently developed GR antagonist
CORT125134 (relacorilant), that—in contrast to classic GR
antagonist RU486—lacks cross-reactivity with the AR and
the progesterone receptor (PR) [32, 33].

Materials and Methods

Cell Culture and Reporter Assay

Human HEK293T cells were seeded at 80 000 cells per well in
24-well plates in Dulbecco’s modified Eagle’s medium +
GlutaMAX with 10% charcoal-stripped fetal bovine serum
supplemented with penicillin/streptomycin. The next day cells
were transfected using one of the following mixtures: I) 25 pL
OPTIMEM, 10 ng human GR, 25 ng TAT1-luciferase, 1 ng
CMV-renilla, 265 ng pcDNA, and 1.25 pL Fugene HD trans-
fection reagent (Promega); II) 25 pL OPTIMEM, 10 ng hu-
man PR, 25 ng TAT3-luciferase, 1 ng CMV-renilla, 265 ng
pcDNA, and 1.25 pL. Fugene HD transfection reagent; and
II) 25 pyL OPTIMEM, 10 ng human AR, 25ng TATI1-
luciferase, 1 ng CMV-renilla, 265 ng pcDNA, and 1.25 pL
Fugene HD transfection reagent. Cells were pretreated for 1
hour with 0.1 to 1000 nM CORT125134 (relacorilant) (for
GR signaling assays) or 10 to 1000 nM CORT125134
(for PR and AR signaling assays), and were subsequently
treated with agonists for the GR (3 nM dexamethasone), PR
(10 nM  progesterone), and AR (100 nM DHT). After
24 hours, cells were harvested and firefly- and renilla-
luciferase signals were measured using a dual-luciferase assay
(Promega). Data are normalized to agonist treatment and half
maximal inhibitory concentration values were calculated us-
ing nonlinear regression. All conditions were performed in
technical triplicate.

Animals

This animal study was approved by the ethics committee of
Leiden University Medical Center. Female C57BL6/] mice
were purchased from Charles Rivers Laboratories and group-
housed in conventional cages with a 12-hour:12-hour light/
dark environment and had ad libitum access to water and a
synthetic low-fat diet for 90 days.

Animal Experiment

We used the androgen DHT to induce PCOS-like characteris-
tics in female mice [34]. Female mice aged between 4 and 5
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weeks were implanted subcutaneously under isoflurane anes-
thesia with either a blank 1-cm Silastic tube (inner diameter,
1.58 mm; outer diameter, 2.41 mm) or with a tube containing
10 mg DHT. Silastic implants were made in house and are
known to provide a steady-state steroid hormone release for
a period up to 6 months [35]. As a quality control, the pres-
ence of DHT powder was confirmed post euthanasia (12
weeks after implantation of silastic tubes).

We compared female mice with blank vs DHT implants to
investigate the expression of GR-related factors in diverse
metabolic tissues. We examined the role of GR signaling in
the development of DHT-induced symptoms by feeding
mice either a low-fat diet or low-fat diet supplemented with
the selective GR antagonist CORT125134 (relacorilant) for
a period of 90 days (500 mg per kg diet, resulting in an esti-
mated dose of 60 mg/kg/day; “preventive” group). In parallel,
we investigated GR antagonism in mice with an established
PCOS-like metabolic phenotype as a result of DHT exposure,
by administering 60 mg/kg/day CORT125134 or solvent (10%
dimethyl sulfoxide, 0.5% Tween-80, 0.5% hydroxypropyl-
methylcellulose in phosphate-buffered saline [PBS]) via daily
oral gavage during weeks 9 to 12 (for a total of 21 days; “thera-
peutic” group). Overall, we evaluated the following groups:
1) control (N=35), 2) control + preventive GR antagonism,
N =6), 3) control + therapeutic GR antagonism, 4) DHT
(N =6), 5) DHT + preventive GR antagonism (N = 6), and 6)
DHT + therapeutic GR antagonism (N = 6).

Body Mass and Body Composition Measurement

Body mass and total lean and fat mass were determined week-
ly by using an EchoMRI-100 analyzer.

Plasma Biochemistry Measurements

At the end of week 12, blood plasma was collected from the
tail vein from 6-hour fasted mice and these samples were
used to measure plasma levels of insulin (Crystal Chem), glu-
cose, triglycerides, and cholesterol (enzymatic kits from Roche
Diagnostics).

Oral Glucose Tolerance Test

In week 11, mice were fasted for 6 hours before a baseline
blood glucose measurement was performed (t=0). After
this, 2 g/kg glucose was administered via oral gavage and
blood glucose concentration was then measured at t=15,
30, 60, 90, 120 minutes using an Accu-Check glucometer
(Roche).

Organ Uptake of Radiolabeled Triglyceride-derived
Fatty Acids and Deoxyglucose

Triglyceride-rich lipoprotein—like emulsion particles (average
size 80 nm) radiolabeled with glycerol tri[*H]oleate were pre-
pared as previously described [36, 37]. Mice were fasted for
4 hours and injected intravenously in the tail vein with par-
ticles containing 1.0 mg triglyceride in combination with
[**C]deoxyglucose in 200 pL PBS. After 15 minutes, mice
were killed by CO, inhalation and perfused with ice-cold
PBS for 5 minutes before tissues were isolated to determine
the *H and '*C activity in various tissues. Tissue pieces were
dissolved in 500 pL of Solvable (Perkin Elmer) overnight at
56 °C, and the *H and "*C activity was determined using scin-
tillation counting solution (Ultima Gold XR, Perkin Elmer).
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Figure 1. Effect of dihydrotestosterone (DHT) treatment on the expression of the glucocorticoid receptor (GR) and GR-related signaling factors. The
messenger RNA (MRNA) expression of Gr, Ar, Ncoal, Ncoa2, and Hsd11b7in A, gWAT; B, sWAT; C, iBAT; D, sBAT; and E, liver. Data are shown as mean
+ SEM. N =5 for the control group and N =6 for the DHT group. Statistical significance is calculated using unpaired t test. * P less than .05 vs control.
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Figure 2. Experimental design to determine the effects of selective glucocorticoid receptor (GR) antagonism in a mouse model of elevated
dihydrotestosterone (DHT) exposure. A, The effect of GR antagonist CORT125134 on GR, progesterone receptor (PR), and androgen receptor (AR)
signaling in human HEK293T cells. B, Female mice were exposed to control or DHT-silica implants for 12 weeks. Mice were treated with a GR antagonist
for 12 weeks via diet supplementation (“preventive treatment”) and during the last 3 weeks via oral gavage administration (“therapeutic treatment”).
Body weight and composition were determined weekly; an oral glucose tolerance test was performed at week 11, and blood and tissues were collected

after a 6-hour fast at the end of week 12.

Histology

Ovaries, interscapular brown adipose tissue (iBAT) and go-
nadal white adipose tissue (gWAT) were fixed in 4% parafor-
maldehyde for 24 hours and stored in 70% ethanol before
processing. Tissues were dehydrated, embedded in paraffin,
cut into S-pm sections and then stained with hematoxylin
and eosin as previously described [38]. Lipid content in
iBAT and average adipocyte cell size in gWAT were quantified
using Image ] software (version 1.48). In the ovaries, total
number of corpora lutea (identified with consistent luteinized
follicles and visible in serial sections) were quantified using a
Zeiss Axio Observer A1 microscope. Large antral follicles
were identified with a single large antrum. Follicles were as-
sessed only in the sections where the oocyte’s nucleolus were
visible. Large antral follicles were categorized as unhealthy
if they included a degenerate oocyte, and/or more than 5%
of the granulosa cells were pyknotic in appearance, the per-
centage of unhealthy follicles per ovary was calculated. All
large antral follicles were assessed for granulosa layer thick-
ness and theca layer thickness using Image] software (version
1.48), as previously described [34]. One ovary could obtain
more than one antral follicle. Several samples were lost during
tissue processing, yielding ovaries of only N = 3 per group for
analysis, and as we were thus underpowered we decided to not
perform statistical analysis.

Gene Expression Analysis

Total RNA was extracted from snap-frozen tissues using
Tripure RNA isolation reagent (Roche). Complementary

DNA was generated using M-MLV reverse-transcriptase
(Promega). Quantitative reverse transcription—polymerase
chain reaction was performed on a CFX96 PCR machine (Bio-
Rad), and expression levels were normalized to the housekeep-
ing gene GAPDH. Primer sequences: Gapdh Fwd: GGG
GCTGGCATTGCTCTCAA; Rev: TTGCTCAGTGTCCTTG
CTGGGG; Gr Fwd: CCCTCCCATCTAACCATCCT; Rev:
ACATAAGCGCCACCTTTCTG; Ar Fwd: GCCTCCGA
ACTGTGGTATCC; Rev: CCTGGTACTGTCCAAACGCA;
Ncoal Fwd: GCGAGTCAAAGGGTGCAGTT; Rev: CCA
GCCCGAAGCACATACA; Ncoa2 Fwd: CGTCACCAACT
GAGAAGCCA; Rev: GGACGGGTCAGAGGTGTTGTT
TT; Hsd11b1: Fwd: AGTACACCTCGCTTTTGCGT; Rev:
CTCTCTGTGTCCTTGGCCTC. Hsd11b2: Fwd: CACT
CGAGGGGACGTATTGT; Rev: CGTTTCTCCCAGAGGT
TCAC. Baseline expression (CT-values) for each gene is shown
in Supplementary Table S1 [39].

Statistical Analysis

Statistical analyses were performed with SPSS (version 25)
and GraphPad Prism version 8.0.2. The following statistical
analyses were used: 2-way analysis of variance with least sig-
nificant difference post hoc test, unpaired ¢ test, and linear
mixed models. Data with 2 factors and multiple time points
were analyzed using linear mixed models analysis that in-
cluded independent variables as fixed factors. All data are pre-
sented as means+SEM. P values of main effects and
interactions of the analysis of variance are depicted in
Supplementary Table S2 [39].
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Figure 3. Dihydrotestosterone (DHT) exposure induces polycystic ovary syndrome (PCOS)-associated features in the mouse ovary. A, Histological
sections of the ovary of control mice and DHT-exposed mice on preventive or therapeutic treatment with a glucocorticoid receptor (GR) antagonist. The
PCOS-related features in the ovary are defined by the presence of multiple arrested large antral follicles (indicated with triangles). B, Proportion of
unhealthy large antral follicles per ovary, and C, the number of corpora lutea. N =3 per group. D, Average thickness of granulosa cell layer and E, theca
layer, confirming PCOS-related features. Multiple follicles were averaged per mouse, as one ovary could contain multiple follicles. N = 3 mice per group.

Data are shown as mean + SEM.

Results

Dihydrotestosterone Treatment Increased the
Expression of Glucocorticoid Receptor Signaling
Factors

We first set up to investigate the effect of DHT treatment on
the expression of factors related to GR signaling in a range
of tissues including gWAT, subcutaneous white adipose tis-
sue (sWAT), iBAT, subscapular brown adipose tissue
(sBAT), and liver. GR messenger RNA (mRNA) expression
was elevated in the liver on DHT exposure, but was not sig-
nificantly changed in other tissues (Fig. 1A-1E, first col-
umn). Ar expression was not changed after DHT exposure
in any tissue (see Fig. 1A-1E, second column). Analysis of
GR coactivators showed that Ncoal expression in sBAT
and liver was lower on DHT treatment, while Ncoa2 ex-
pression was significantly increased in liver on DHT treat-
ment (see Fig. 1A-1E, third and fourth column).
Tissue-specific 11B-HSD1 activity determines the local ac-
tive glucocorticoid level, and we found that DHT exposure
significantly upregulated Hsd1161 mRNA in gWAT and liv-
er, while a similar pattern was observed in sWAT (see
Fig. 1A-1E, fifth column). Hsd11b2, the gene encoding for
the enzyme 11B-HSD2 that inactivates glucocorticoids,
was not expressed in any of these tissues, in neither vehicle

condition, or on DHT exposure (see Supplementary

Table S1) [39].

Glucocorticoid Receptor Antagonism Does Not
Influence Dihydrotestosterone-induced Features in
the Ovary

We first confirmed the specificity of our GR antagonist
CORT125134. Pretreatment with CORT125134 did not in-
fluence progesterone-induced PR signaling and DHT-induced
AR signaling in human HEK293T cells, while GR signaling
was potently antagonized with a half maximal inhibitory con-
centration of 2.8 nM (Fig. 2A). To investigate if GR antagon-
ism influences the DHT-induced symptoms, we administered
the GR-specific antagonist both to control and DHT-treated
mice in a preventive and therapeutic treatment regimen
(Fig. 2B). We first confirmed the PCOS-like features by histo-
logical analysis of the ovary. As expected, DHT treatment in-
duced an increase in percentage of unhealthy antral follicles,
a decrease in the number of corpora lutea, and a decrease in
granulosa layer thickness and an increase in theca layer thick-
ness, as compared to control mice (Fig. 3A-3E). GR antagon-
ism, either in a preventive or therapeutic setting, did not
seem to alter any of these DHT-induced features in the ovary
(see Fig. 3A-3E).
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Figure 4. The effect of preventive and therapeutic glucocorticoid receptor (GR) antagonism on body weight, lean mass, and fat mass of control and
dihydrotestosterone (DHT)-exposed mice. A and B, Body weight; C and D, lean mass; and E and F, fat mass. Data are shown as mean + SEM. N =5/6 per
group. The control and DHT groups were plotted both in the preventive and the therapeutic graphs for clarity. Statistical significance was calculated using
a linear mixed-model analysis with Bonferroni multiple comparisons. *P less than .05 vs control, $P less than .05 vs DHT.

Preventive Glucocorticoid Receptor Antagonism
Reduced Body Weight and Lean Mass Both in
Control and Dihydrotestosterone-treated Mice

We next investigated body weight and composition in control
and DHT mice on preventive or therapeutic treatment with a
GR antagonist. We observed that DHT exposure increased
body weight as compared to control mice, and that preventive
GR antagonism decreased total body weight in control and
DHT-treated mice (Fig. 4A). On initiation of therapeutic treat-
ment with the GR antagonist, we observed a reduction of body
weight both in the control mice and the DHT-treated mice,
although the effect appeared stronger in control than
DHT-treated mice (Fig. 4B). When evaluating lean mass, we
observed a significant increase in DHT-treated mice compared
to control mice (Fig. 4C). Preventive treatment with the GR an-
tagonist resulted in a decrease in lean mass both in control and
DHT-treated mice (see Fig. 4C), while therapeutic GR antag-
onism reduced lean mass in control mice only (Fig. 4D). Both
preventive and therapeutic treatment resulted in significant re-
duction in fat mass in control mice (Fig. 4E and 4F). DHT

exposure increased fat mass, which was not further affected
by preventive or therapeutic GR antagonism (see Fig. 4E and
4F). When evaluating the wet weight of different metabolic tis-
sues, we found that DHT increased the weight of iBAT, sBAT,
gWAT, and sWAT as compared to control mice, but that nei-
ther preventive nor therapeutic GR antagonism further influ-
enced this (significant main effect of DHT but not of
treatment; no statistical interaction; Fig. SA-5D). In line with
these findings, histological analysis of iBAT and gWAT
showed increased iBAT lipid content and average adipocyte
cell size in gWAT on DHT treatment, but no further effect
by GR antagonism (significant main effects of DHT but not
of treatment; no statistical interaction; Fig. SE-5H).

Preventive Glucocorticoid Receptor Antagonism
Alleviates Hyperglycemia and Improves Glucose
Tolerance in Dihydrotestosterone-exposed Mice

Analysis of plasma biochemistry showed that DHT exposure
caused an increase in plasma insulin, glucose, and total
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cholesterol (main effects of DHT: P <.0006, P <.003, and  GR antagonism significantly increased plasma insulin (see
P =.051, respectively), but no significant effect on triglyceride =~ Fig. 6A). We observed that preventive treatment alleviated
levels (Fig. 6A-6D). In control mice, we found that therapeutic the DHT-induced increase in glucose (interaction effect
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Figure 6. The effect of preventive and therapeutic glucocorticoid receptor (GR) antagonism on biochemistry and glucose tolerance of control and

dihydrotestosterone (DHT)-exposed mice. Plasma levels after a 6-hour fast of A, insulin; B, glucose; C, triglycerides (TG); and D, total cholesterol (TC).
E and F, Plasma glucose levels during an oral glucose tolerance test (OGTT) performed after a 6-hour fastin week 11. G, Area under the curve of glucose
during OGTT. N = 5/6 per group. Statistical significance is calculated using 2-way analysis of variance followed by least significant difference post hoc test.

*Pless than .05 vs control, $P less than .05 vs DHT.

P =.03; see Fig. 6B). Therapeutic GR antagonism increased
plasma total cholesterol levels in control mice, with no clear
effects in DHT-treated mice (see Fig. 6D). We performed an
oral glucose tolerance test (OGTT) experiment in week 11
of the study to investigate glucose tolerance. DHT-treated
mice exhibited a significant increase in plasma glucose levels
as compared to control mice, both at 15 minutes and 120 mi-
nutes post glucose-bolus and on total glucose exposure (area
under the curve) (Fig. 6E-6G). In DHT-treated mice, prevent-
ive GR antagonism resulted in a reduction in plasma glucose
levels at 15 minutes (see Fig. 6E), while therapeutic treatment
did not decrease plasma glucose level in control mice nor
DHT-treated mice (see Fig. 6F). Preventive treatment with
the GR antagonist readily lowered total glucose exposure in
DHT-exposed mice (see Fig. 6G).

Glucocorticoid Receptor Antagonism Increased
Triglyceride-derived Fatty Acid Uptake in Adipose
Tissues of Control Mice, Which Was Blunted in
Dihydrotestosterone-exposed Mice

Both DHT and GR antagonist treatment affected triglyceride-
derived fatty acid uptake by different tissues (Supplementary
Table S2) [39]. We found in control mice that therapeutic
GR antagonism seemed to increase [*H] activity in gWAT
and significantly increased uptake in sSWAT (Fig. 7A and 7B).
Preventive treatment increased [*H] activity in iBAT and non-
significantly in sBAT (Fig. 7C and 7D). DHT exposure in itself
reduced [*H] activity in gWAT, sWAT, iBAT, sBAT, and liver

as compared to control (significant main effects of DHT for all
tissues; see Fig. 7A-7E). In DHT-treated mice, we observed
that the effect of both preventive and therapeutic treatment
with the GR antagonist on triglyceride-derived fatty acid up-
take was completely blunted (see Fig. 7A-7C). When evaluat-
ing the uptake of ['*C]-labeled deoxyglucose, DHT exposure
reduced the uptake in sSWAT and iBAT (significant main effects
of DHT; Fig. 7G and 7H). We did not observe any other major
effects on [1*C] activity of GR antagonism (Fig. 7F-7]).

Discussion

Women with PCOS have a higher risk of developing obesity
and other metabolic disorders, and women with obesity
show increased prevalence of PCOS [40, 41]. Many of the
complications in PCOS are believed to be driven by hyperan-
drogenism, and previous studies show that a global loss of AR
signaling fully protects female mice from the development of
PCOS-like metabolic traits on excess androgen exposure
[42]. However, many of the clinical features in PCOS are
also characteristics of metabolic disorders driven by deregu-
lated glucocorticoid signaling (eg, in Cushing syndrome)
[43-45]. In addition to this, we previously observed (function-
al) crosstalk between glucocorticoid and androgen signaling
[11] and we therefore investigated a possible role of GR sig-
naling in (DHT-induced) metabolic features of PCOS capital-
izing on the availability of the selective GR antagonist
CORT125134 [33]. We confirmed the PCOS-associated
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Figure 7. The effect of preventive and therapeutic glucocorticoid receptor (GR) antagonism on uptake of triglyceride-derived [*H]-labeled fatty acids and
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features in our model of DHT exposure, including altered
ovarian morphology with an increased number of unhealthy
antral follicles and a decrease in granulosa cell layer thickness
[46, 47]. GR antagonism did not influence any of these
DHT-induced effects in the ovary, although our histological
analysis of the ovary was underpowered, prohibiting any for-
mal conclusion. It is important to note that while our model
recapitulated many features of PCOS/prolonged DHT expos-
ure, DHT-exposed mice did not develop liver steatosis
(Supplementary Fig. S1 [39]), in contrast to previously re-
ported data using a similar model of DHT exposure that
was accompanied by overt liver steatosis [48]. Of note, our
observation was based on biochemical measurements of tri-
glycerides and total cholesterol, while histological determin-
ation of steatosis was not performed.

We observed that, after prolonged DHT exposure, the expres-
sion of many factors related to GR signaling were changed at the
mRNA level. This includes hepatic expression of Nr3c1 (coding
for GR), Hsd11b1, and Ncoa2, which were all upregulated in
DHT-treated mice. This shows that different aspects of gluco-
corticoid signaling, from receptor and coregulator expression
to prereceptor metabolism of the ligand, are regulated by andro-
gens. This is consistent with the previous findings that DHT
treatment enhanced local concentrations of corticosterone in
the liver [49]. Of note, we did not measure (hepatic) cortico-
sterone levels directly in this study. In other tissues, we found
little evidence of altered GR signaling in DHT-exposed mice,
with the exception of gWAT and possibly sWAT, in which ex-
pression of Hsd11b1 was increased, potentially resulting in

increased local glucocorticoid (re)activation. The regulation of
glucocorticoid-related factors like Hsd11b1 by androgens could
also play a role in metabolic physiology in women with PCOS,
and likely results in elevated glucocorticoid turnover in tissues
like WAT and liver. This could in turn (partially) contribute to
the metabolic features observed in PCOS, including deregulated
glucose metabolism. It is important to note that our mouse mod-
el of PCOS results in supraphysiological exposure of DHT, and
the regulation of Hsd11b1 expression and activity under more
physiological androgen exposure requires further investigation.
It was previously found that HSD11B1 expression was elevated
in ovaries of women with PCOS, as compared to non-PCOS pa-
tients [50]. This, in addition to the increased in hepatic and adi-
pose expression of Hsd11b1 observed in our mouse study, could
contribute to elevated cortisol/corticosterone exposure in pa-
tients with PCOS. Indeed, patients with PCOS showed increased
hair cortisol concentrations as compared to healthy women [51],
possibly mediated via androgen regulation of HSD11B1
expression.

Given the deregulated glucocorticoid signaling in the liver,
we evaluated whether GR antagonism can prevent or alleviate
DHT-induced metabolic features. For this we used a
GR-specific antagonist, either administered continuously via
diet-supplementation for a total period of 12 weeks (during
the whole period of DHT treatment), or administered daily
via oral gavage in mice with established DHT-induced meta-
bolic symptoms. We found that preventive treatment with a
GR antagonist alleviated the glucose levels during an
OGTT, with significantly lower glucose exposure as compared
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to vehicle-treated DHT-exposed animals. On the other hand,
we did not observe such improvement on therapeutic treat-
ment with the GR antagonist. The differential effects of pre-
ventive and therapeutic GR antagonism may suggest that
GR signaling is involved in the development of metabolic
symptoms on DHT exposure, but that this does not necessar-
ily provide a suitable therapeutic target when symptoms are
fully established. We cannot exclude that a longer treatment
duration with a GR antagonist may provide metabolic benefit.
Importantly, the mode of administration of the GR antagonist
was different between the preventive and therapeutic treat-
ment groups, disallowing direct comparison as this may
have resulted in differences in bioavailability and kinetics be-
tween the two treatment groups. We were unable to directly
determine drug concentrations in plasma or target tissues,
and it is therefore uncertain whether we approximated steady-
state levels in the animals that received the compound via oral
gavage, and if so, at what level.

For many other metabolic features that were observed in
DHT-treated animals, neither preventive nor therapeutic GR
antagonism showed improvement. We observed that DHT ex-
posure induced lipid accumulation in adipose tissues, in line
with previous findings in PCOS mouse models [47, 52, 53].
However, GR antagonism did not alter adipose tissue weight
and lipid accumulation in DHT-treated mice. In other models
for metabolic disease, benefits on metabolic health were ob-
served on treatment with GR antagonists [54-58]. It thus
seems that many activities of GR antagonists are lost in
PCOS, possibly due to elevated androgen exposure that po-
tentially takes over (part of) glucocorticoid effects. We indeed
found that the uptake of triglyceride-derived fatty acids in adi-
pose tissues was readily induced on GR antagonism in control
mice, but that this was completely blunted in DHT-treated
mice. Previous transcriptome studies showed that the large
majority of GR-responsive genes are also regulated by AR
[59], suggesting that GR-responsive transcripts can also be
AR responsive. Furthermore, enhanced So-reductase activity
has been reported in women with PCOS, leading to gluco-
corticoid degradation [60-62], and this may also result in
abolished responsiveness to GR antagonists.

In summary, we found that GR antagonism improved glu-
cose metabolism, but not other metabolic features, in a mouse
model of elevated androgen exposure. The effects of GR antag-
onism on tissue uptake of triglyceride-derived fatty acids were
lostin DHT-treated mice, showing that responsiveness toa GR
antagonist may strongly depend on disease stage and context.
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