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Abstract
Glucocorticoids exert their pleiotropic effects by activating the glucocorticoid re-
ceptor (GR), which is expressed throughout the body. GR-mediated transcription 
is regulated by a multitude of tissue- and cell type-specific mechanisms, includ-
ing interactions with other transcription factors such as the androgen receptor 
(AR). We previously showed that the transcription of canonical glucocorticoid-
responsive genes is dependent on active androgen signaling, but the extent of this 
glucocorticoid-androgen crosstalk warrants further investigation. In this study, 
we investigated the overall glucocorticoid-androgen crosstalk in the hepatic 
transcriptome. Male mice were exposed to GR agonist corticosterone and AR an-
tagonist enzalutamide in order to determine the extent of androgen-dependency 
after acute and chronic exposure. We found that a substantial proportion of the 
hepatic transcriptome is androgen-dependent after chronic exposure, while after 
acute exposure the transcriptomic effects of glucocorticoids are largely androgen-
independent. We propose that prolonged glucocorticoid exposure triggers a grad-
ual upregulation of AR expression, instating a situation of androgen dependence 
which is likely not driven by direct AR-GR interactions. This indirect mode of 
glucocorticoid-androgen interaction is in accordance with the absence of en-
riched AR DNA-binding near AR-dependent corticosterone-regulated genes after 
chronic exposure. In conclusion, we demonstrate that glucocorticoid effects and 
their interaction with androgen signaling are dependent on the duration of expo-
sure and believe that our findings contribute to a better understanding of hepatic 
glucocorticoid biology in health and disease.
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1   |   INTRODUCTION

Glucocorticoids are steroid hormones that are produced 
in the adrenal cortex and secreted into circulation in a cir-
cadian manner or after a stressor. Glucocorticoids cause 
pleiotropic effects, ranging from modulation of memory 
consolidation and its well-known anti-inflammatory ef-
fects, to the regulation of glucose and lipid metabolism.1–4 
Glucocorticoids reach virtually all organs, most of which 
express considerable levels of the glucocorticoid receptor 
(GR).5 The GR is a nuclear receptor which upon ligand 
binding translocates to the nucleus. Its main mode of ac-
tion entails binding to specific motifs in the DNA called 
glucocorticoid response elements (GREs) to regulate ex-
pression of associated genes.6 To exert its regulatory ef-
fects, the GR interacts with various coregulatory proteins 
to form a transcriptional complex, of which the composi-
tion influences the final outcome of transcription.7 While 
GRs are globally activated after elevated glucocorticoid ex-
posure, they exert specific effects dependent on tissue and 
cell type via complex regulatory mechanisms.8,9

In order for GR to exert tissue and cell type specific effects, 
its activity is regulated on multiple levels. Cellular avail-
ability of glucocorticoid ligands is regulated by transporter 
proteins in circulation and via enzymatic (in)activation by 
11β-hydroxysteroid dehydrogenase type 1 and 2.10,11 This 
provides a level of specificity by rendering certain tissues 
and cell types insensitive to glucocorticoids. GR signaling 
is also modulated by cell specific expression of co-activator 
and co-repressor proteins that are recruited into the GR 
transcriptional complex.12 The effects of GR activation can 
be further tailored to the context by interactions with other 
transcription factors. This may include crosstalk between 
nuclear receptors, either through tethering, heterodimeriza-
tion or even multimerization at the DNA.13,14 However, 
crosstalk between nuclear receptors can also occur up- or 
downstream of DNA-binding (indirect crosstalk).13

Glucocorticoid effects can be sexually dimorphic, 
likely in interaction with sex hormones.15–17 Crosstalk 
between the GR and known sex steroid receptors (andro-
gen receptor [AR] and estrogen receptor alpha [ERα]) 
were described in cancer,18,19 and such crosstalk might 
also underlie the diverging effects of GR activation in 
physiology as well as pathophysiology. In the liver, a piv-
otal target tissue of glucocorticoids, GR and AR are ex-
pressed at varying levels and these receptors are involved 
in the regulation of metabolic processes. Liver-specific GR 
knockout increases insulin sensitivity, while hepatic AR 
knockout decreases insulin sensitivity.20,21 Sexual dimor-
phism also exists for liver diseases such as non-alcoholic 
fatty liver disease (NAFLD) which is more prevalent in 
men.22 Glucocorticoid and androgen signaling both have 
been associated with the development of NAFLD and its 

progression towards hepatocellular carcinoma.23,24 For 
glucocorticoid-induced transcription in the liver, we pre-
viously described a dependency on active androgen sig-
naling for a select number of genes, but the extent of this 
phenomenon warrants further investigation.25

In the present study, we set out to determine the extent 
of glucocorticoid-androgen transcriptional crosstalk in the 
male mouse liver and how this crosstalk is influenced by 
the duration of exposure. We analysed the liver transcrip-
tome after acute and chronic exposure to the GR agonist 
corticosterone (CORT) and the AR antagonist enzalut-
amide (ENZA). We reveal that the effects of chronic CORT 
exposure on the liver are partially androgen-dependent, 
while this dependency is not apparent after acute gluco-
corticoid exposure, indicating indirect glucocorticoid-
androgen crosstalk. As a potential driving mechanism, 
we show that chronic glucocorticoid exposure upregulates 
hepatic AR expression via direct GR binding to the Nr3c4 
(Ar) gene.

2   |   MATERIAL AND METHODS

2.1  |  Animal experiments

All animal studies were approved by the ethical commit-
tee of Leiden University Medical Center.

2.2  |  RNA-sequencing cohort 
after chronic corticosterone and 
enzalutamide exposure

Eight-week-old male C57B6/J mice were subcutaneously 
implanted with slow-release pellets containing 100  mg 
cholesterol (Vehicle; N  =  6) or 20  mg corticosterone + 
80 mg cholesterol (CORT; N = 6). An additional experi-
mental group was implanted with pellets containing 
20 mg corticosterone + 80 mg cholesterol and treated with 
40  mg/kg/day enzalutamide via diet-supplementation 
(CORT_ENZA; N = 5). Implantation of CORT pellets was 
previously shown to result in continuous supraphysiologi-
cal levels of CORT for the duration of the experiment26 
After 14 days, mice were sacrificed via CO2 asphyxiation, 
perfused with ice-cold PBS for 5 minutes and livers were 
collected for RNA-sequencing analysis.

2.3  |  RNA-sequencing cohort after acute 
corticosterone and enzalutamide exposure

Eight-week-old male C57B6/J mice were treated three 
times with solvent or with 40  mg/kg/day enzalutamide 
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with 12 h intervals. One hour after the last enzalutamide 
administration, mice were injected subcutaneously with 
3 mg/kg corticosterone (in 5% EtOH, 95% PBS) or vehicle. 
Mice were sacrificed via CO2 asphyxiation 3 h after corti-
costerone injection, perfused with ice-cold PBS for 5 min 
and livers were collected for RNA-sequencing analysis.

2.4  |  Corticosterone slow-release pellets 
in adrenalectomized and intact mice

Eight-week-old male C57B6/J mice underwent bilateral 
adrenalectomy (ADX) to deplete endogenous glucocor-
ticoids, and mice were placed on water containing 0.9% 
NaCl. During the surgical adrenalectomy procedure, 
slow-release pellets containing 100 mg cholesterol (ADX; 
N = 8), 3.75 mg corticosterone + 96.25 mg cholesterol (ADX 
+ 3.75 mg CORT; N = 8) or 20 mg corticosterone + 80 mg 
cholesterol (ADX + 20 mg CORT; N = 8) were placed sub-
cutaneously in the neck region. After 3 days, mice were 
sacrificed by CO2 asphyxiation, blood was collected via 
a heart puncture, mice were perfused with ice-cold PBS 
for 5 min, and livers were collected for expression analy-
sis of Nr3c4 (Ar) by qPCR. We repeated this experiment 
in intact mice by implanting 100 mg cholesterol (Vehicle; 
N = 6) or 20 mg corticosterone + 80 mg cholesterol pel-
lets (20 mg CORT; N = 6). After 4 days, mice were sacri-
ficed by CO2 asphyxiation, blood was collected via heart 
puncture, mice were perfused with ice-cold PBS for 5 min, 
and gonadal white adipose tissue, interscapular brown 
adipose tissue and quadriceps muscle were collected for 
Nr3c4 (Ar) expression analysis. Livers were collected for 
qPCR, western blot and chromatin-immunoprecipitation-
qPCR analysis.

In two separate cohorts, eight-week-old male C57B6/J 
mice were pre-treated with 60 mg/kg GR-specific antag-
onist Relacorilant (Corcept Therapeutics; N = 5–6),27 1 h 
prior to subcutaneous injection with 5 mg/kg GR-specific 
agonist dexamethasone phosphate (Merck); or mice 
were treated daily with 60 mg/kg Relacortilant (Corcept 
Therapeutics; N = 6) in combination with pellets contain-
ing 20 mg corticosterone + 80 mg cholesterol for 5 days. 
Mice were sacrificed by CO2 asphyxiation, mice were 
perfused with ice-cold PBS for 5 min, and livers were col-
lected for Nr3c4 (Ar) expression analysis by qPCR.

2.5  |  Time series cohort after acute 
corticosterone exposure

Eight-week-old male C57B6/J mice were injected 
subcutaneously with 3  mg/kg corticosterone (in 5% 
EtOH, 95% PBS) at 09:00. One group of naïve mice was 

sacrificed without intervention for baseline determina-
tion. Corticosterone groups were sacrificed 3, 6 or 12  h 
after injection via CO2 asphyxiation, blood was collected 
by heart puncture, mice were perfused with ice-cold PBS 
for 5 min and liver tissue was collected for Nr3c4 (Ar) and 
Nr3c1 (Gr) expression analysis by qPCR and western blot.

2.6  |  Corticosterone measurement

Corticosterone levels were measured in plasma from heart 
puncture blood using a HS EIA kit (Immunodiagnostic 
Systems).

2.7  |  Real-time quantitative PCR

Snap-frozen tissues were homogenized in Tripure (Roche) 
and total RNA was isolated according to the manufactur-
er's protocol. cDNA was synthesized from 1000 ng of RNA 
using random hexamers and M-MLV reverse transcriptase 
(Promega). Gene expression was assessed with RT-qPCR 
and normalized for housekeeping genes B2M and 36B4. 
Primer sequences are available upon request.

2.8  |  Co-Immunoprecipitation

Co-Immunoprecipitation (co-IP) was performed on snap-
frozen liver tissue from mice chronically exposed to corti-
costerone (20 mg CORT via slow-release pellets). Tissue 
was homogenized using a tissue homogenizer in NP-40 
buffer (50  mM Tris-HCl pH 8.0, 150  mM NaCl, and 1% 
NP-40 with protease/phosphatase inhibitor cocktail) and 
sonicated for 30’’ on/30’’ off for 6 cycles. Protein sam-
ples were pre-cleared with 50 µl Dynabeads (Invitrogen 
10002D) and washed in NP-40 buffer. Per IP, 50 µl of BSA 
immobilized Dynabeads were incubated overnight with 	
5 µl anti-GR (Cell Signaling Technology D8H2) or 1 µl 
aspecific antibody (Flag M2; Sigma-Aldrich F3165) while 
rotating at 4°C. Afterwards, 150  µg of protein sample 
was added and incubated for another 2 h. Subsequently, 
IP samples and controls were lysed in sample buffer (4x 
Laemmli with beta mercaptoethanol) and denaturated for 
5 min at 95°C before analysis by western blot.

2.9  |  Western blot

Protein expression of AR, GR, and UBE3A was detected by 
WES automated western blot (ProteinSimple), according to 
the manufacturer's instructions. In short, 0.8  mg/ml liver 
lysate or input and 4x diluted co-IP samples were loaded on 
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66–440 kDa separations modules (Biotechne) and incubated 
with the following primary antibodies: rabbit AR antibody 
(1:20 dilution; Santa Cruz Biotechnology sc-816), rabbit GR 
antibody (1:20 dilution: Cell Signaling Technology D8H2), 
rabbit UBE3A antibody (1:10 dilution: Abcam ab10488) 
and rabbit GAPDH antibody (1:20/50 dilution; Santa Cruz 
Biotechnology sc-25778); and secondary antibody: HRP anti-
rabbit (1:100 dilution; ProteinSimple DM001).

2.10  |  Chromatin immunoprecipitation-
qPCR

Chromatin-immunoprecipitation (ChIP) was performed 
on 30  µm cryo-sections from snap-frozen liver tissue. 
Proteins were crosslinked head-over-head at room tem-
perature with 2 mM DSG for 25 min and 1% formaldehyde 
for 20 min, and samples were quenched with 2 M glycine. 
Samples were washed and homogenized further using 
a tissue homogenizer. After resuspension in sonication 
buffer samples were sonicated 30′′ on/30′′ off for 6 cycles, 
1% Triton was added and samples were washed. Input 
controls were set aside, 5 µl human control RNA and 5 µl 
human recombinant Histon2B was added to ChIP-samples, 
and these were aliquoted for IgG- and GR-ChIP. Protein 
A beads pre-incubated with IgG (5  µg/sample; Abcam 
ab37415) and GR (1 µg/sample; Cell Signaling 12041S) an-
tibodies were added, and samples were rotated overnight 
at 4°C. The next day, beads were washed 10 times with 
RIPA buffer, and samples were eluted, reverse crosslinked 
and diluted in nuclease-free water. GR-enrichment at 
the Nr3c4 (Ar) gene was determined with the follow-
ing primer set: Fwd—CCCTTGTCCTTTGCCCTCTT; 
Rev—CAACCTCAGCCCAAGTCTGT.

2.11  |  Liver lipid measurements

Lipids were extracted from liver tissue following a modi-
fied protocol of Bligh and Dyer.28 In brief, approximately 
50 mg of tissue was homogenized in 10 μl methanol per 
mg tissue and 1800 μl methanol: chloroform (1:3 v/v) was 
added to 45 μl of homogenate. Samples were vigorously 
vortexed and centrifuged (15 min; 20 000 g) to extract the 
lipids. The organic phase was dried twice under nitrogen, 
first re-dissolved in 100 μl 2% Triton X-100 in chloroform 
and finally in 100 μl water. Triglycerides, total cholesterol 
and phospholipid levels were determined using enzymatic 
kits (20767107322 and 03039773190 (Roche Diagnostics) 
and 3009 (Instruchemie), respectively). Protein concen-
trations were determined using the Pierce™ bicinchoninic 
acid assay kit (23225; ThermoFisher) and lipid levels were 
expressed as nmol/mg protein.

2.12  |  RNA-sequencing

For RNA-sequencing (RNAseq) total RNA was isolated 
from liver tissue. For the chronic exposure cohort, the 
tissue was homogenized using a tissue homogenizer in 
lysis buffer of the NucleoSpin RNA kit (Macherey-Nagel). 
Total RNA was isolated according to the manufacturer's 
protocol and samples were send for transcriptome se-
quencing at BGI Genomics. For the acute exposure co-
hort, total RNA was isolated at BGI Genomics using the 
RNeasy kit (Qiagen) according to the manufacturer's in-
structions. RNA quality of all samples was assess using 
the RNA 6000 Nano kit on a Bioanalyzer (Agilent) and all 
samples passed the quality criteria for sequencing (RNA 
Integrity Number >7.0 and 28/18s ratio >1.0). Stranded 
mRNA libraries were constructed and 100 bp paired-end 
sequencing was performed on the DNBseq platform re-
sulting in >20  million reads per samples. RNAseq data 
has been deposited in NCBI’s Gene Expression Omnibus 
and are accessible through GEO series accession number 
GSE18​0445.

2.13  |  RNA-sequencing data analysis

The RNA-seq pipeline (version 4.1.0), published as part 
of BioWDL, was used for read quality control, alignment 
and quantification. BioWDL contains the main sequenc-
ing analysis pipelines and workflows developed at Leiden 
University Medical Center by the sequencing analysis 
support core with code being accessible at https://biowdl.
github.io/.

Quality control was performed using FastQC and 
MultiQC. Reads were aligned to Mus Musculus genome 
version 10 (mm10) using STAR (version 2.7.3a). Tool set-
tings used were: ‘--runThreadN’ ‘4’ ‘--outSAMunmapped’ 
‘Within KeepPairs’ ‘--twopassMode’ ‘Basic’ with align-
ment between 90% and 95%. The gene-read quantifica-
tion was performed using HTSeq-count (version 0.12.4). 
Tool settings used were: ‘--order’ ‘pos’ ‘--stranded’ ‘re-
verse’ resulting in 60%–75% of reads uniquely assigned 
to known genes based on Ensembl release 97 of mm10. 
HTSeq-count output files were merged into a count ma-
trix per experiment as input for differential gene expres-
sion analysis.

DEseq2 (version 1.29.4) was used for normalization of 
the count data (median of ratio's method) and identifica-
tion of differentially expressed genes.29 For the differential 
expression analysis, all genes which were expressed in a 
minimum of four out of six replicates with >20 normal-
ized counts for at least one of the groups were selected. 
Three samples were identified as outliers (sample 18 of the 
chronic cohort and samples L19A and L36A of the acute 
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cohort) and excluded from subsequent analysis. This re-
sulted in 11 839 genes in the analysis for the chronic expo-
sure experiment and 12 108 genes for the acute exposure 
experiment (Supporting dataset). Pair-wise comparisons 
of groups within experiments were analysed and a false 
discovery rate adjusted p-value of 0.05 was used as a cut-
off for detection of differential gene expression. Principal 
component analysis was performed using DEseq2 and 
visualized with the pca3d package (version 0.10.2). 
Heatmaps of scaled, normalized counts were made with 
pheatmap (version 1.0.12). Gene ontology (GO) term 
enrichment analysis was performed with the ViSEAGO 
package (version 1.4.0), using fisher's exact test with 0.01 
as a significance cut-off.

2.14  |  Assessment of AR downstream  
signaling

A list of hepatic AR target genes identified by Zheng 
et al.30 and a list of AR interacting proteins reported by 
Lempiainen et al.31 were used to explore the effect of 
CORT on AR signaling. Transcriptome data of the corre-
sponding genes after chronic CORT exposure was visual-
ized as heatmaps.

2.15  |  ChIP-sequencing analysis

Publicly available ChIP-sequencing data of GR at high 
endogenous CORT levels32 and AR in unstimulated 
conditions33 in the liver were utilized to identify genes 
potentially directly regulated by these transcription fac-
tors. All reported genomic loci of GR and AR (including 
promoter and enhancer regions) were annotated to the 
nearest transcription start site using homer34 and cor-
responding genes were associated to the relevant tran-
scription factor(s). Lists of GR and AR associated genes 
(irrespective of the genomic location of the correspond-
ing binding site) were cross-referenced with subsets of 
differentially expressed genes and percentages of over-
lap were calculated.

2.16  |  Single-cell expression data

Human liver single-cell RNA-seq data published by 
Aizarani et al. was utilized.35 We extracted the data and 
visualized the main clusters of cell types and presence/
absence of NR3C1 (GR), NR3C4 (AR) or both NR3C1 (GR) 
and NR3C4 (AR) expression per cell in t-SNE plots using 
the RaceID package (version 0.2.2).

2.17  |  Hepatic accessibility data

Adult mouse liver accessibility data was published by 
Chen et al.36 and the genomic coordinates of the acces-
sible regions of control animals were extracted. Accessible 
regions near the promoter region of the Nr3c4 (Ar) gene 
were visualised in Integrative Genomics Viewer alongside 
the GR-bound site assessed by ChIP-qPCR to determine 
this regions accessibility in untreated conditions.

2.18  |  Statistics

Enrichment of AR and GR DNA-binding between sub-
sets of genes was determined by Chi-square tests. Liver 
lipid levels of the acute cohort were analysed by two-way 
ANOVAs. One-way ANOVAs were used for the analyses 
of liver lipid levels of the chronic cohort, as well as for 
gene expression and CORT levels of the ADX and time 
series cohort. Tukey multiple comparison tests were used 
as post-hoc. Direct comparisons between two groups 
were analysed with unpaired Students t-tests. Statistical 
analyses were performed with GraphPad Prism 7 software 
(GraphPad Inc.).

3   |   RESULTS

3.1  |  Chronic corticosterone-induced 
transcriptome changes in the liver are 
partially AR-dependent

To determine the extent of crosstalk between glucocorticoid 
and androgen signaling in the liver, we performed a tran-
scriptome analysis on the livers of male mice chronically 
exposed to CORT and CORT combined with AR antagonist 
ENZA (CORT_ENZA). CORT and CORT_ENZA differen-
tially affected the liver transcriptome compared to vehicle, 
as is evident from the principal component analysis, ren-
dered as a three-dimensional plot (3D-PCA; Figure  1A). 
Differential expression analysis revealed extensive tran-
scriptomic changes and identified 3109 differentially ex-
pressed genes (DEGs) after CORT (1556 upregulated and 
1553 downregulated, Figure  1B) and 3127 DEGs after 
CORT_ENZA (1701 upregulated and 1426 downregu-
lated, Figure 1C), as compared to vehicle. The effect of co-
exposure to ENZA was assessed by analysing CORT_ENZA 
versus CORT, which revealed a substantial effect of ENZA 
with 1919 DEGs (1087 upregulated and 832 downregulated 
after co-exposure to ENZA, Figure 1D).

Visualization of all CORT-regulated genes showed that 
the effect of chronic CORT on the liver transcriptome was 
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in part lost upon co-exposure with ENZA, revealing an 
androgen-dependency for a considerable proportion of 
CORT-regulated genes (Figure  1E). Hierarchical cluster-
ing of all CORT-regulated genes identified four classes: 
(1) CORT-upregulated—AR-dependent (621  genes), (2) 
CORT-upregulated—AR-independent (930  genes), (3) 
CORT-downregulated—AR-dependent (242  genes) and 
(4) CORT-downregulated—AR-independent (1316 genes). 
Based on this clustering, maximally 28% of all CORT-
regulated genes could be classified as AR-dependent. To 
identify those genes that are strongly AR-dependent, we 
filtered the clustered genes on significance in the differ-
ential expression analysis of the corresponding contrasts. 

As such, we classified 254 genes as CORT-upregulated—
AR-dependent and 304 genes as CORT-downregulated—
AR-dependent. Overall, approximately 18% of all 
CORT-regulated genes showed robust AR dependence. 
Representative examples of AR-dependent and AR-
independent genes are shown in Figure  1F–I. Our data 
highlight that chronic glucocorticoid exposure strongly 
modulates the liver transcriptome, with a subset of genes 
dependent on AR signaling. However, overlays with avail-
able chromatin immunoprecipitation-sequencing (ChIP-
seq) data of AR in unstimulated murine liver showed that 
the set of CORT-regulated—AR-dependent genes was not 
enriched for AR DNA-binding at any genomic region (e.g., 

F I G U R E  1   The transcriptome after chronic glucocorticoid exposure is partially androgen-dependent in the male mouse liver. 	
(A) Principal component analysis of RNA-seq data of livers obtained from male mice after chronic exposure to vehicle-pellets (N = 6), 20 mg 
corticosterone-pellets (CORT; N = 6) and 20 mg corticosterone-pellets + 40 mg/kg/day Enzalutamide (CORT_ENZA; N = 5). Volcano-plots 
of differentially expressed genes between (B) CORT vs. Vehicle, (C) CORT_ENZA vs. Vehicle and (D) CORT_ENZA vs. CORT with the 
amount of up- and downregulated genes indicated. (E) Heatmap of all genes significantly regulated by CORT, distinguished by hierarchical 
clustering as CORT upregulated AR dependent, CORT upregulated AR independent, CORT downregulated AR dependent and CORT 
downregulated AR independent. Example gene expression plots for (F) CORT upregulated AR dependent, (G) CORT upregulated AR 
independent, (H) CORT downregulated AR dependent and (I) CORT downregulated AR independent. Numbers indicate the total amount of 
identified AR-dependent CORT-regulated genes
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promoter, enhancer) compared to the AR-independent 
genes (33.5% vs. 36.3%, respectively, x2(1, N = 504) =1.2, 
p-value = 0.28, Table S1).33 To further address the possible 
function of co-exposure with ENZA, GO term analysis on 
the genes differentially expressed between CORT_ENZA 
and CORT (1919 genes) revealed the cholesterol biosyn-
thetic process. We verified that liver total cholesterol and 
triglyceride levels were increased in the CORT_ENZA 
group (Figure S1A–D), confirming functional relevance 
of the glucocorticoid-androgen crosstalk. Our findings 
support that glucocorticoids and androgens interact in the 
mouse liver, but the nature of this interaction requires fur-
ther investigation.

3.2  |  Acute corticosterone-induced 
transcriptome changes in the liver are 
largely AR-independent

We next explored how duration of CORT exposure affects 
glucocorticoid-androgen crosstalk. In a two-by-two exper-
imental setup, we pre-treated mice with either solvent or 
ENZA for 24 h before subcutaneous injection with vehicle 
or CORT, 3 h before tissue isolation. We first analysed the 
same contrasts as applied for the chronic exposure cohort. 
Based on the 3D-PCA plot, acute exposure to CORT had a 
distinct effect on the liver transcriptome (Figure 2A), albeit 
less pronounced as compared to chronic CORT exposure 

F I G U R E  2   The transcriptome after acute glucocorticoid exposure is largely androgen-independent in the male mouse liver. 	
(A) Principal component analysis of RNA-seq data of livers obtained from male mice after acute exposure to vehicle (N = 5), 3 mg/kg 
corticosterone for 3 h (CORT; N = 6) and 3 mg/kg corticosterone for 3 h after three times 40 mg/kg Enzalutamide exposure at 12 h intervals 
(CORT_ENZA; N = 5). Volcano-plots of differentially expressed genes between (B) CORT vs. Vehicle, (C) CORT_ENZA vs. Vehicle and 
(D) CORT_ENZA vs. CORT with the amount of up- and downregulated genes indicated. (E) Heatmap of all genes significantly regulated 
by CORT distinguished by hierarchical clustering as CORT upregulated or CORT downregulated. (F) Example gene expression plots for 
(F) CORT upregulated AR dependent, (G) CORT upregulated AR independent, (H) CORT downregulated AR dependent and (I) CORT 
downregulated AR independent. Numbers indicate the total amount of identified AR-dependent CORT-regulated genes. *Adj. p < 0.15 
CORT_ENZA vs. CORT
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(Figure 1A). CORT_ENZA did not strongly influence the 
acute CORT-induced transcriptome. Differential expres-
sion analysis revealed 543 DEGs after CORT (263 upregu-
lated and 280 downregulated, Figure 2B) and 560 DEGs 
after CORT_ENZA (318 upregulated and 242 downregu-
lated, Figure  2C), as compared to vehicle-treated mice. 
We identified 85 DEGs when comparing CORT_ENZA to 
CORT (71 upregulated and 14 downregulated, Figure 2D).

Visualization of CORT-regulated genes after acute 
exposure showed that most of these genes were not 
androgen-dependent, and hierarchical clustering only 
identified two clusters associated to transcriptional reg-
ulation by CORT (up-  and downregulated by CORT; 
Figure 2E). In an attempt to identify genes with an AR de-
pendency that were not revealed by clustering, we applied 
the same criteria as used for chronic exposure. This ap-
proach identified eight genes that were downregulated by 
CORT in an AR-dependent manner of which two, Inf2 and 
Per3, were associated with GR and AR DNA-binding. No 
CORT upregulated—AR-dependent genes were detected. 
Increased leniency regarding statistical AR-dependency 
(adj. p-value <0.15 in CORT_ENZA vs. CORT) identified 

4 genes displaying the CORT upregulated—AR-dependent 
expression pattern. Example genes of each identified class 
are shown (Figure  2F–I). The absence of a clear effect 
of AR antagonism on the liver transcriptome after acute 
CORT exposure is in sharp contrast with the sizeable AR-
dependent effects after chronic exposure. This indicates 
that the duration of CORT exposure strongly determined 
its transcriptional effects in the liver, and its dependence 
on AR signaling.

3.3  |  Duration of corticosterone 
exposure dictates the effects on the liver 
transcriptome

In order to find potential clues for the development of 
AR dependence over time, we investigated the effect du-
ration of CORT exposure had on the liver transcriptome. 
Acute exposure to CORT resulted in a lower number of 
DEGs as compared to chronic exposure (543 after acute 
CORT versus 3109 after chronic CORT, Figure 3A). The 
percentage of genes associated with GR DNA-binding in 

F I G U R E  3   Effects of glucocorticoids are strongly dependent on the duration of exposure. (A) Venn-diagram showing the overlap in 
differentially expressed genes after chronic (14 days) and acute (3 h) exposure to corticosterone (CORT). Example gene expression plots for 
(B) chronically upregulated, acutely downregulated genes, (C) chronically downregulated, acutely upregulated genes (D) genes upregulated 
irrespective of duration of exposure and (E) genes downregulated irrespective of duration of exposure. GO term enrichment analysis (top 10) 
of differentially expressed genes after (F) chronic and (G) acute exposure to CORT. Red-dotted line indicates p = 0.01
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available ChIP-seq data under high endogenous CORT 
was significantly higher for the acutely regulated genes 
in comparison to those regulated after chronic exposure 
(35% vs. 25% respectively, x2(1, N = 977) = 21.6, p-value 
<0.0001, Table  S1).32 Only 192  genes were differentially 
expressed in both conditions (of which 43% was associ-
ated to GR DNA-binding). For 44 genes, the directionality 
of the expression changes differed between the duration 
of exposure (24 genes were chronically upregulated and 
acutely downregulated; and 20  genes were chronically 
downregulated and acutely upregulated; Figure  3B–E). 
This left 148 genes that were consistently regulated upon 
acute and chronic CORT exposure.

Given the differences CORT exerted on the liver 
transcriptome depending on the duration of exposure, 
a GO term enrichment analysis was performed to com-
pare the biological processes associated with the DEGs 	
(Figure 3F–G). Comparison of the top 10 of enriched bi-
ological processes showed no overlap between chronic 
and acute CORT exposure. This indicated that—besides 
stronger and more pronounced changes in gene expres-
sion upon prolonged CORT exposure—the biological pro-
cesses affected by CORT differ depending on the duration 
of exposure. Duration of exposure could contribute to the 
differences in the extent of AR-dependency found after 
ENZA co-exposure.

3.4  |  Acute transcriptional effects of 
corticosterone and enzalutamide are 
predominantly distinct

Given the limited AR dependence of CORT-regulated 
transcription after acute exposure, we compared the acute 
effects of CORT and ENZA separately. Hierarchical clus-
tering of the liver transcriptome data showed separation 
after ENZA exposure from CORT-  and vehicle-treated 
animals (Figure 4A). Differential expression analysis re-
vealed 469 DEGs after ENZA (267 upregulated and 202 
downregulated, Figure 4B) compared to vehicle and 1864 
DEGs between ENZA and CORT (980 upregulated and 
884 downregulated, Figure  4C). Visualization of ENZA-
regulated genes showed that most ENZA-upregulated 
genes were not affected upon acute CORT exposure, while 
CORT did increase expression levels of a subset of the 
genes which were downregulated by ENZA (middle clus-
ter, Figure 4D). ENZA and CORT regulated a comparable 
number of genes (469 after ENZA vs. 543 after CORT), but 
only 43 genes were differentially expressed by both com-
pounds compared to vehicle (Figure 4E). As transcription 
of these overlapping genes was regulated by GR activation 
as well as AR antagonism, these are potential candidates 

of direct GR-AR crosstalk. Of these overlapping genes, 
ten were associated with both GR and AR DNA-binding 
(Fbp1, Fmo5, Gm30505, Lrrc42, Nr1i2, Pard3, St6gal1, 
Syne3, Usp2, Ythdc1). These genes exhibited the same di-
rection of regulation by CORT and ENZA, which indicates 
opposite regulatory effects of glucocorticoids and andro-
gens. GO term enrichment analysis for genes regulated 
by acute CORT exposure did not provide any actionable 
leads (Figure 3G) and did not overlap with the biological 
processes enriched by ENZA (Figure S1E), which is in 
line with the modest overlap in DEGs. The analysis high-
lighted various metabolic process of which the biosynthe-
sis of cholesterol was most enriched (Figure S1E). Tissue 
levels of total cholesterol, triglycerides and phospholipids 
in the liver did not differ after CORT or ENZA exposure at 
this early timepoint (Figure S1F–H).

3.5  |  Glucocorticoids upregulate hepatic 
AR expression in a GR-dependent manner

We next explored the potential mechanism leading to 
the observed AR-dependency after chronic CORT expo-
sure, but the lack of AR-dependency in an acute setting. 
Hepatic Nr3c4 (Ar) mRNA abundance was increased after 
chronic CORT exposure and not changed after acute ex-
posure (Figure 5A). In parallel with regulation of Nr3c4 
(Ar) expression, a portion of coregulators known to inter-
act with AR were differentially expressed after chronic 
corticosterone exposure (Figure S2A). In addition, the ex-
pression of several reported downstream AR-target genes 
were regulated, suggesting that chronic CORT influences 
AR signaling (Figure S2B). To further evaluate regula-
tion of AR signaling by glucocorticoids, we performed 
an experiment in adrenalectomized male C57BL6/J mice 
implanted with pellets containing different CORT con-
centrations. This revealed a dose-dependent increase of 
Nr3c4 (Ar) mRNA expression in the liver as a result of 
CORT exposure (Figure  5B). We repeated this experi-
ment in intact mice, and similarly found that exposure 
to 20 mg CORT increased Nr3c4 (Ar) mRNA expression 
in the liver as compared to vehicle mice (Figure 5C,E). In 
line with robust changes on Nr3c4 (Ar) mRNA, we con-
firmed AR upregulation on protein level (Figure 5D). In 
liver tissue, we observed enrichment of GR DNA-binding 
to a GRE near the Nr3c4 (Ar) promoter (Figure 5E). This 
enrichment is likely hepatocyte and EPCAM positive cell 
specific as only these cell types co-express NR3C1 (GR) 
and NR3C4 (AR) based on human single-cell liver tran-
scriptomics (Figure S3). Co-immunoprecipitation of GR 
in livers chronically exposed to CORT showed no direct 
protein-protein interactions between GR and AR, while 
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10 of 16  |      BUURSTEDE et al.

an interaction with a known GR-interactor, UBE3A, was 
detected (Figure  5F). CORT exposure also upregulated 
Nr3c4 (Ar) mRNA in white and brown adipose tissue, but 
not in skeletal muscle (Figure 5G). We further confirmed 
that AR upregulation was GR-dependent, as the GR 
specific antagonist Relacorilant27  significantly reduced 
Nr3c4 (Ar) mRNA expression after acute dexamethasone 
and chronic CORT exposure (Figure  5H). Altogether, 
these results show that glucocorticoids upregulated AR 
expression, likely direct via a GRE-driven mechanism, 

indicating a biological function for AR in glucocorticoid 
signaling.

3.6  |  Glucocorticoid-mediated 
upregulation of hepatic AR requires 
prolonged exposure

To further explore the dynamics of AR regulation by gluco-
corticoids, we performed a time series experiment. Three 

F I G U R E  4   Corticosterone and Enzalutamide have distinct effects on the transcriptome in the male mouse liver. (A) Principal 
component analysis of RNA-seq data of livers obtained from male mice after acute exposure to vehicle (N = 5), 3 mg/kg corticosterone 
for 3 h (CORT; N = 6) and 40 mg/kg Enzalutamide (ENZA; N = 6). Volcano-plots of differentially expressed genes between (B) ENZA 
vs. Vehicle and (C) ENZA vs. CORT with the amount of up- and downregulated genes indicated. (D) Heatmap of all genes significantly 
regulated by Enzalutamide distinguished by hierarchical clustering as ENZA upregulated or ENZA downregulated. (E) Venn-diagram 
showing the overlap in differentially expressed genes after acute ENZA and CORT exposure
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hours after injection the plasma CORT levels were not 
significantly changed, in line with the short plasma half-
life of CORT in rodents,37 while an increase in CORT lev-
els was observed after 6–12 h (Figure 6A). Hepatic Nr3c1 
(Gr) mRNA levels were significantly decreased after 3 h, 
while Nr3c4 (Ar) expression seemed marginally higher 
after 6 h (Figure 6B,C). AR and GR protein expression lev-
els were not affected by CORT injection (Figure 6D). In 
livers of control animals, the GRE near the Ar promoter 
was readily accessible, suggesting that the absence of 
acute CORT effects on Nr3c4 (Ar) expression was likely 
not due to inaccessibility of the GRE near the Nr3c4 (Ar) 
gene (Figure 6E).36 These results show that acute CORT 
exposure was not sufficient to robustly increase Nr3c4/AR 
expression levels and that prolonged CORT exposure is 
required for the observed elevation of hepatic Nr3c4/AR 
levels.

4   |   DISCUSSION

In this study, we set out to determine the extent of 
glucocorticoid-androgen crosstalk in the mouse liver. In 
particular, we studied the effect of glucocorticoid expo-
sure on the liver transcriptome and how this was affected 
by antagonism of androgen signaling. In adrenally in-
tact male mice, chronic CORT exposure results in robust 
transcriptomic changes in the liver, of which 18% was 
dependent on androgen signaling. In sharp contrast, we 
observed little androgen-dependency after acute expo-
sure to CORT. This suggested that the observed cross-
talk may not primarily be supported via direct GR-AR 
interactions but rather develops gradually, possibly as 
a metabolic adaptation to chronic stress. Our data show 
that chronic CORT exposure, but not acute, increases 
hepatic AR expression, revealing a potential mechanism 

F I G U R E  5   Glucocorticoids upregulate hepatic AR expression in a GR-dependent manner. (A) Nr3c4 (Ar) expression in livers of male 
mice after CORT of the chronic and acute exposure cohorts used for transcriptome analyses. (B) Plasma CORT concentration and Nr3c4 
(Ar) expression in livers of adrenalectomized (ADX) male mice implanted with vehicle, 3.75 mg CORT or 20 mg CORT-pellets (N = 8). 
(C) Plasma CORT concentration and Nr3c4 (Ar) expression in livers of intact male mice implanted with vehicle or 20 mg CORT-pellets 
(N = 6). (D) AR protein expression in livers of intact male mice implanted with vehicle or 20 mg CORT-pellets. (E) GR-enrichment at a 
glucocorticoid response element (GRE) associated with the Nr3c4 gene (N = 3–4). (F) Representative images of co-immunoprecipitation 
(IP) data of male mice livers exposed to chronic CORT. Input, GR-targeted IP and negative control M2-targeted IP samples analysed for 
presence of GR, AR and UBE3A in precipitated protein complexes. (G) Nr3c4 (Ar) expression in white adipose tissue (WAT), brown adipose 
tissue (BAT) and quadriceps muscle (Q. Muscle) of intact male mice implanted with vehicle or 20 mg CORT-pellets (N = 6). (H) Nr3c4 (Ar) 
expression in livers of male mice treated with acute dexamethasone or chronic CORT, with or without GR antagonist Relacorilant (N = 6). 
*p < 0.05 vs. Vehicle
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and indicating a biological function for the observed AR 
dependency.

We investigated potential crosstalk between glucocorti-
coid and androgen signaling by administering CORT com-
bined with the specific AR antagonist ENZA. We chose an 
AR antagonist over an agonist, as this enabled us to inves-
tigate the role of endogenous androgen signaling in gluco-
corticoid biology. In support of this approach, we previously 
showed that co-exposure with the AR agonist dihydrotestos-
terone—on top of endogenous androgens—did not further 
stimulate the hepatic expression of certain GR responsive 
genes.25 RNA-sequencing data showed that 558 out of 3109 
DEGs after chronic CORT are androgen-dependent, thereby 
confirming hepatic transcriptional crosstalk between gluco-
corticoid and androgen signaling. While previous studies 
showed that during development many androgen effects in 
the male liver are mediated by ERα following testosterone 
conversion to estradiol,38,39 our current data indicate that in 
the mature liver of male mice many effects in the context of 
excessive glucocorticoids are AR-driven.

We tested the hypothesis that direct crosstalk via 
protein-protein interactions between GR and AR at 
the genome could underlie androgen dependence 
of glucocorticoid signaling.40,41 We predicted that 

CORT-regulated—AR-dependent genes would be en-
riched for AR DNA-binding, which we did not observe in 
a publicly available AR ChIP-seq dataset.33,42 It is import-
ant to note that these livers were obtained from untreated 
animals with physiological levels of glucocorticoids and 
androgens—in contrast to our excessive glucocorticoid 
context—as this can affect AR DNA-binding and there-
fore influence the transcriptional outcome. The inability 
to detect enrichment is also in line with the notion that 
the AR—similarly to the GR—often binds distally from 
its target genes, which in part impeded the analysis.43,44 
After acute exposure we found that the glucocorticoid-
regulated transcriptome in the liver was almost com-
pletely AR-independent. AR-dependency after chronic 
CORT exposure likely originates from indirect crosstalk 
rather than binding to the same regulatory elements. This 
is in line with the absence of direct protein-protein inter-
actions between AR and GR in livers exposed to chronic 
CORT. However, it is remains possible that only after GR-
mediated induction, there is sufficient hepatic AR to in-
teract effectively with regulatory elements also utilized by 
GR.

Multiple modes of indirect crosstalk between nuclear 
receptors were previously proposed.13 These modes of 

F I G U R E  6   Acute glucocorticoid exposure does not strongly affect hepatic AR expression. (A) Plasma CORT concentration of male mice 
at baseline and 3, 6 or 12 h after injection with 3 mg/kg CORT (N = 4–6). (B) Nr3c1 (Gr) and (C) Nr3c4 (Ar) hepatic mRNA expression levels 
of male mice at baseline and 3, 6 or 12 h after injection with 3 mg/kg CORT (N = 6). (D) Representative images of AR, GR and GAPDH 
protein expression in livers of male mice at baseline and 3, 6, or 12 h after injection with 3 mg/kg CORT. (E) Image adapted from Integrative 
Genomics Viewer visualising hepatic accessibility data at the AR promoter region and GR bound loci near the Nr3c4 (Ar) gene

(A)

(D) (E)

(B) (C)
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action are challenging to pinpoint as steroid hormone 
receptors can share downstream target genes, affect the 
expression of common regulators or regulate genes in the 
same or converging biological pathways. Comparison of 
DEGs after 3 h of CORT exposure combined with 24 h of 
ENZA exposure showed that only 43 genes were regulated 
by both compounds. This could be an underestimation of 
the total number of shared target genes as use of an AR 
agonist in U2OS cells identified 190 shared target genes 
for AR and GR.41 The difference may be attributed to the 
context of the liver tissue and the bone-derived cell line, as 
cell- and tissue-specific transcriptional effects are in part 
due to differential expression of coregulators and pioneer 
factors.45,46

In an attempt to better understand the discrepancy 
between acute and chronic CORT exposure, we directly 
compared both datasets, and this confirmed that the du-
ration of exposure strongly affected the CORT-regulated 
transcriptome with more extensive changes after chronic 
as compared to acute exposure. Of the 192 genes regulated 
by CORT after both durations of exposure, 44 showed a dif-
ferent directionality, highlighting that the duration of ex-
posure not only determines the regulation of specific gene 
signatures, but may also shift the direction of regulation.

We found that chronic CORT exposure consistently up-
regulated hepatic AR expression, both on an mRNA and 
protein level, likely direct via GR binding near the Nr3c4 
(Ar) promoter. In parallel, a number of described AR tar-
get genes and AR associated coregulators showed altered 
expression upon CORT exposure, indicating functional 
changes in AR signaling. Regulation of AR by glucocor-
ticoids is tissue-specific, with inductions in Nr3c4 (Ar) 
mRNA expression in white and brown adipose tissue but 
no effect in quadriceps muscle. Glucocorticoid-driven AR 
expression was previously reported in a human adipocyte 
cell line and interpreted as important for adipocyte differ-
entiation, although during this process AR transcriptional 
activity was suppressed.47 Of note, we found that baseline 
AR mRNA and protein levels in the liver were low, even 
if functional effects of liver-specific AR knockout were 
previously reported.21 Altogether, these findings highlight 
the possibility that glucocorticoids create a dependency 
on androgen signaling by driving AR expression. Instating 
this dependency likely occurs via gradual and adaptive 
changes as acute CORT exposure did not robustly increase 
hepatic AR expression while its regulatory site is readily 
accessible for GR. Given that likely only a subset of cells in 
the liver co-express GR and AR (hepatocytes and EPCAM 
positive cells), the crosstalk could only occur in these 
specific cellular subtypes. However, potential involve-
ment of other cell types cannot be excluded, as increased 
AR expression is observed in hepatic immune cells after 
chemically-induced liver carcinogenesis.48 In the current 

study, we established the acute and chronic effects of glu-
cocorticoids on AR expression in bulk tissue, and while 
this was sufficient to detect the crosstalk, these data lack 
the temporal and cellular resolution to fully unravel the 
precise (possibly cell-type specific) mechanisms,

In physiological conditions, the upregulation of AR in 
the liver of male mice might be an adaptive strategy for 
situations that cause chronic exposure to glucocorticoids, 
but raises the question what happens in females after pro-
longed glucocorticoid exposure. It has been shown that 
prolonged glucocorticoid exposure differentially affects 
males and females, with male mice developing more se-
vere glucocorticoid-induced insulin resistance49 in an 
androgen-dependent manner.50 In addition, the liver tran-
scriptome response of males and females after fasting is 
vastly different with over 1000 sexually dimorphic genes, 
a process primed by ERα around birth.39 Loss of estrogen 
signaling upon ovariectomy—as a model of menopause—
results in a GR-induced steatosis due to follicle stimulat-
ing hormone-mediated hyperphosphorylation of the GR.51 
This highlights that crosstalk between sex hormones and 
glucocorticoids possibly plays a key role throughout var-
ious life stages—starting during organ development and 
persisting in mature tissues and after menopause.

In pathophysiology, androgen and glucocorticoid sig-
naling are associated to the development of NAFLD and 
its progression towards hepatocellular carcinoma.23,24 For 
AR specifically it has been shown that it plays a prominent 
role in liver carcinogenesis as hepatic AR knockout atten-
uated tumor development in zebrafish and rodents52,53 and 
androgen antagonism inhibited chemically-induced liver 
carcinogenesis.48 Our finding that chronic CORT increases 
hepatic AR levels might contribute to better understand 
AR-driven liver carcinogenesis and treatment thereof.

We found that the cholesterol biosynthesis pathway is 
affected after chronic CORT, in accordance with the previ-
ously reported increase in plasma cholesterol levels.25 Co-
exposure of chronic CORT with ENZA and acute ENZA 
exposure alone also point towards cholesterol biosynthe-
sis, suggesting that glucocorticoid and androgen signal-
ing converge at the regulation of lipid metabolism. This 
notion is consistent with the classical catabolic and ana-
bolic functions of GR and AR, which both require energy 
availability and redistribution to cope with stressors and 
build muscle respectively.54,55 While chronic co-exposure 
to ENZA decreases plasma cholesterol levels,25 it results 
in hepatic cholesterol accumulation. We can speculate 
that GR upregulates AR signaling to prevent cholesterol 
accumulation in the liver, possibly by stimulating choles-
terol efflux. Such crosstalk is likely not limited to the liver, 
and further investigation is required to fully elucidate the 
functional effects of the AR dependency on cholesterol 
metabolism and potentially other processes.
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Our study identified strong differences between acute 
and chronic glucocorticoid exposure on the liver tran-
scriptome. While it is not exactly known how duration 
of exposure dictates the effects on the transcriptome, this 
observation conveys a more general message for other 
classes of hormones and transcription factors. Our find-
ings clearly stress the importance of carefully considering 
the duration of treatment, as prolonged exposure may 
mask the transcriptomic changes that drive functional 
effects. It also provides a possible explanation for discrep-
ancies between different studies that use different times 
of exposure. Finally, the differential effects of glucocorti-
coids after acute and chronic exposure may provide clues 
on the development of side effects associated with gluco-
corticoid treatment, and could be involved in treatment 
insensitivity after long-term drug use.
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