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Selective GR modulator reverses liver steatosis 
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List of abbreviations  

NAFLD = non-alcoholic fatty liver disease; GC = glucocorticoid hormones; GR= glucocorticoid receptor; 
VLDL = very-low-density-lipoprotein; HFD = high-fat diet; LFD = low-fat diet; LCFA = long-chain fatty 
acids; HPA-axis = Hypothalamus-Pituitary-Adrenal-axis  

Non-alcoholic fatty liver disease (NAFLD) medication is an unmet need. Glucocorticoid stress 
hormones (GC) drive fat metabolism in the liver, but both full blockade and full stimulation of 
GC signaling aggravate NAFLD pathology. We investigated the efficacy of selective 
glucocorticoid receptor (GR) modulator CORT118335, that recapitulates only a subset of GC 
actions, in reducing liver lipid accumulation in mice. Male C57BL/6J mice received low-fat diet, 
or high-fat diet mixed with vehicle or CORT118335. Livers were analyzed histologically and for 
genome-wide mRNA expression. Functionally, hepatic long-chain fatty acid (LCFA) 
composition was determined by gas chromatography. We determined very-low-density-
lipoprotein (VLDL) production by treatment with a lipoprotein lipase inhibitor after which blood 
was collected to isolate radiolabeled VLDL particles and ApoB proteins. CORT118335 strongly 
prevented and reversed hepatic lipid accumulation. Liver transcriptome analysis showed 
increased expression of GR target genes involved in VLDL production. Accordingly, 
CORT118335 led to increased lipidation of VLDL particles, mimicking physiological GC action. 
Independent pathway analysis revealed that CORT118335 lacked induction of GC-responsive 
genes involved in cholesterol synthesis and LCFA uptake, which was indeed reflected in 
unaltered hepatic LCFA uptake in vivo. Our data thus reveal that the robust hepatic lipid 
lowering effect of CORT118335 is due to a unique combination of GR-dependent stimulation of 
lipid (VLDL) efflux from the liver, with a lack of stimulation of GR-dependent hepatic fatty acid 
uptake. Our findings firmly demonstrate the potential use of CORT118335 in the treatment of 
NAFLD and underscore the potential of selective glucocorticoid receptor modulation in 
metabolic disease. 

Introduction 
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Non-alcoholic fatty liver disease (NAFLD) is a prevalent condition (20-30% of the general 
population) with rising incidence due to the obesity pandemic, and to date long-term treatment 
options are restricted to weight loss surgery (1,2). NAFLD can advance to non-alcoholic 
steatohepatitis and further progress towards hepatic fibrosis, cirrhosis and hepatocellular 
carcinoma (3). NAFLD is primarily caused by an imbalance of hepatic energy influx and efflux. 
As glucocorticoid (GC) hormones have a strong impact on hepatic energy homeostasis, 
modulation of GC signaling seems an interesting treatment option (4).  

GCs (predominantly cortisol in humans and corticosterone in rodents) are secreted by the 
adrenal cortex following a diurnal rhythm and during stress, mainly to support recruitment of 
energy reserves for the organism. These effects are mediated by the glucocorticoid receptor 
(GR), a member of the nuclear receptor superfamily (5). Among the widespread effects of GCs is 
the regulation of metabolic pathways in the liver, i.e. the stimulation of both the hepatic influx 
(uptake of free fatty acids and lipoproteins and via de novo lipogenesis) and efflux of lipids (via 
very-low-density-lipoprotein (VLDL) production) (6,7). As GCs control distinct pathways that 
induce and prevent steatosis, both excessive GC exposure and GR antagonism can promote 
development of liver steatosis and fibrosis (8,9).  

Selective GR modulators combine GR agonism and antagonism that, upon binding to GR, 
induce unique receptor conformations that allow interaction with only subsets of downstream 
signaling pathways. Therapeutic potential has long been recognized for inflammatory disease, 
but unequivocal in vivo data remain limited, in particular in clinical settings (10-12). 
CORT118335 is a selective modulator that induces a profile of GR-coregulator interactions 
intermediate to full agonists and antagonists (13-15). In the present study, we demonstrate that 
CORT118335 fully prevents and reverses hepatic lipid accumulation in high-fat diet (HFD)-fed 
mice, highlighting the promise of selective GR modulation in metabolic disease.  

Materials and Methods 

Animal handling 
The institutional ethics committee on animal care and experimentation at the Leiden University 
Medical Center (LUMC) approved all animal experiments that were conducted in Leiden 
(DEC13087 and DEC14245). Experiments were performed in 8-week old male C57Bl/6J mice 
(Charles River, France). Mice were individually housed in conventional cages with a 12:12 h 
light-dark cycle with ad libitum access to food and water. Throughout metabolic experiments, 
body weight was determined twice a week and body composition was monitored weekly using 
EchoMRItm. To investigate metabolic effects of CORT118335, mice were randomized based on 
body weight to receive synthetic low-fat diet (LFD) or 10% fructose water with high-fat diet 
(HFD) (60% lard, Research Diets, USA) containing vehicle, CORT118335 (60 mg/kg/day), 
dexamethasone (1 mg/kg/day) or mifepristone (60 mg/kg/day). To evaluate efficacy of 
CORT118335 in a more severe NAFLD model with non-continuous drug administration, mice 
received a 16 weeks run-in HFD (45% lard, Research Diets, USA), after which mice were 
randomized based on body weight to a 3 week oral gavage treatment with vehicle or 
CORT118335. As peak drug levels are higher with oral administration, drug doses were 
decreased to 5 and 30 mg/kg/day; this study was carried out at RenaSci (Nottingham, United 
Kingdom). For RNA sequencing and determination of hepatic lipid composition, mice received 
LFD, HFD supplemented with vehicle, CORT118335 (60 mg/kg/day) or corticosterone (10 
mg/kg/d) for two days (n=4 per group). The rationale for the higher dose of CORT118335 was 
that we hypothesized that part of its beneficial effects would depend on GR antagonism, 
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requiring full receptor occupancy, whereas the dose of 10 mg/kg/day for corticosterone suffices 
for substantial agonist effects. For all experiments, mice were sacrificed by cervical dislocation 
and perfused with ice-cold PBS after which tissues were collected for further analysis. 

Indirect calorimetry  
At the start of the diet intervention, mice were transferred into fully automated metabolic cages 
for indirect calorimetry measurements (LabMaster System, TSE Systems, Germany). After 20 h 
of acclimatization, oxygen consumption (V˙O2), carbon dioxide production (V˙CO2) and caloric 
intake were measured for 5 consecutive days. Carbohydrate and fat oxidation rates, and total 
energy expenditure (EE) were calculated from V˙O2 and V˙CO2 as described previously (16).  

Intravenous glucose tolerance test 
Mice were fasted for 6 h prior to the experiment. At t=0, blood was collected to measure basal 
plasma glucose, triglyceride and cholesterol levels. Next, a glucose bolus was injected (2 g/kg) 
and at t=5, t=15, t=30, t=60 and t=120 minutes tail blood was collected, and plasma glucose 
levels were measured (Instruchemie, Netherlands).  

Corticosterone and ACTH measurements  
Basal plasma corticosterone and ACTH levels were measured in blood that was collected within 
60 or 120 seconds after the tail incision - i.e. before ACTH or corticosterone levels rise 
respectively - at AM (8:00) and PM (18:00). During the novelty stress test, at t=0 a blood sample 
was collected after which mice were placed into a cage without bedding. After 10 minutes a 
blood sample was collected after which mice were placed back into their original home cage and 
additional stress-free blood samples were collected at t=30, t=60 and t=120. Plasma 
corticosterone levels were determined using 125I RIA kits (MP Biochemicals), with 25 ng/mL as 
lowest detection limit and coefficients of variation of less than 20%. Plasma ACTH levels were 
determined using the Double Antibody hACTH 125I RIA kit (MP Biomedical), with 7 pg/mL as 
lowest detection limit and coefficients of variation of less than 20%. 

VLDL production measurement. 
Mice were fasted for 4 h and subsequently anaesthetized with 6.25 mg/kg acepromazine 
(Alfasan, the Netherlands), 6.25 mg/kg midazolam (Roche, the Netherlands) and 0.31 mg/kg 
fentanyl (Janssen-Cilag, the Netherlands). At t= -30 minutes, 20 µCi Tran35S label (S-35 
Methionine; MP Biomedicals, USA) was injected in the tail vein. At t=0, the LPL inhibitor 
Triton WR 1339 (0.5 g/kg) (Tyloxapol; Sigma-Aldrich, Netherlands) was additionally 
intravenously injected, At t=0, 15, 30, 60 and 90 minutes blood was collected from the tail vein 
and at t= 120 mice were exsanguinated via the orbital sinus and sacrificed with an overdose of 
anaesthesia. VLDL was isolated from serum after density gradient ultracentrifugation at d < 
1.006 g/ml by aspiration (17). ApoB proteins were next isolated by precipitation with 
isopropanol and examined for incorporated 35S activity. 

Hepatic lipid determination – Cobas C111 analyzer 
To extract lipids, HPLC grade isopropanol (Fisher, USA) was added to liver samples (1mL/100 
mg of tissue). To dissolve lipids, tissues were homogenized, vortexed and incubated at 70 ºC for 
25 minutes. Tubes were re-vortexed to remove undissolved matter and the supernatant was 
essayed for triglycerides and cholesterol using the Cobas C111clinical analyzer (Roche, USA) 
and associated reagents. The concentration of liver lipids was expressed as the concentration in 
the original tissue by multiplying by 10 as the liver sample was extracted in 10 volumes of 
isopropanol. 
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Hepatic lipid determination- Bligh and Dyer 
Lipids were extracted from livers according to a modified protocol from Bligh and Dyer (18). 
Liver samples were homogenized in ice-cold methanol and lipids were extracted into an organic 
phase (methanol : chloroform = 3:1). After centrifugation, the lower, organic phase was dried 
and suspended in 2% Triton X-100. Hepatic triglyceride (TG) and total cholesterol (TC) 
concentrations were measured using commercial enzymatic kits (Roche Diagnostics, 
Netherlands). Liver lipids were reported per milligram of protein, as determined using the BCA 
protein assay kit (Thermo Scientific, Rockford, USA). 

Hepatic long-chain fatty acid determination 
Frozen liver tissue was homogenized in PBS and fatty acids were transmethylated to quantify 
fatty acid composition by gas chromatography using C17:0 as internal standard (19). 

Plasma lipid determination 
Blood was collected in paraxon-coated capillaries (Sigma-Aldrich, Netherlands) and triglyceride 
(TG), total cholesterol (TC), and phospholipid (PL) content was measured using commercially 
available enzymatic kits for TG, TC (Roche Diagnostics, Netherlands) and PL (Instruchemie, 
The Netherlands).  

Lipoprotein profiles 
To determine the distribution of cholesterol and triglycerides over the various lipoproteins, 
pooled plasma samples (n= 8 per pool) were used for fast performance liquid chromatography 
(FPLC). Plasma was injected onto a Superose 6 column (Äkta System; Amersham Pharmacia 
Biotech, USA) and eluted at a constant flow rate (50 µl/min) with PBS (pH 7.4). In the collected 
fractions, TG and TC content were measured as described above. 

RNA isolation, cDNA synthesis and real-time PCR 
Total RNA was isolated from frozen tissues utilizing Tripure RNA Isolation reagent (Roche 
Applied Science, the Netherlands). mRNA was reverse-transcribed and cDNA was used for 
quantitative real-time PCR using IQ SYBR-Green supermix (MyIQ thermal cycler, Bio-RAD 
CFX96). Melt curve analysis was included to assure a single PCR product and expression levels 
were normalized using the average expression of Beta2-microglobulin and 36b4 as housekeeping 
genes. Primer sequences are listed in Table S1. 

Histological analysis 
Gonadal white adipose tissue (gWAT) and liver tissue were fixed in 4% paraformaldehyde for 24 
h and stored in 70% ethanol until further processing. Tissues were dehydrated, embedded into 
paraffin and were cut into 5 µm sections. Paraffin-waxed tissues were dewaxed and dehydrated 
before staining with Mayer’s haematoxylin (Merck, the Netherlands) and eosin (Sigma-Aldrich, 
the Netherlands). Adipocyte size was quantified using ImageJ software (NIH,US (20)). For the 
F4/80 staining, sections were permeabilized (with 0.1% Tween/PBS), endogenous peroxidases 
were quenched and antigens were retrieved with proteinase-K before incubation with a primary 
F4/80 antibody (1/600; Serotec, Oxford, UK, RRID:AB_2098196, 
https://antibodyregistry.org/AB_2098196) overnight. Sections were incubated with a goat anti-
rat secondary antibody (ImmPRESSTM, Vector Laboratories, UK) for 30 minutes, stained with 
Nova Red (Vector Laboratories, UK) and counterstained with Mayer’s Haematoxylin. For oil red 
O staining, frozen hepatic tissue samples were cut in a degreased cryostat at -20°C at 10 µm. 
Sections were fixed with formalin, rinsed with isopropanol, stained with filtered oil red O 
working solution (3 g/L), counterstained with Mayer’s Haematoxylin and mounted with Kaiser’s 
glycerine jelly. 
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RNA sequence analysis 
Library construction and RNA sequencing were performed at BGI Tech Solutions CO., LTD 
(Hongkong, China). Briefly, isolated RNA was fragmented and first and second cDNA strands 
were synthesized. Adapters were ligated to A-tailed mRNA molecules with repaired ends, and 
cDNA fragments were enriched by PCR amplification and purified for 100bp paired-end 
sequencing with the HiSeq 4000 System (HiSeq 3000/4000 SBS Kit, Illumina). All RNA 
sequence files were processed using the BIOPET Gentrap pipeline version 0.6 developed at the 
LUMC (http://biopet-docs.readthedocs.io/en/latest/releasenotes/release_notes_0.6.0/). The 
pipeline includes the processes of quality control (with FastQC version 0.11.2), quality trimming 
(with sickle version 1.33), adapter clipping (with Cutadapt version 1.9.1), RNA sequence 
alignment (with GSNAP version 2014-12-23, with mm10 as reference genome), gene annotation 
(on 11-09-2015 information was downloaded from UCSC), read and base quantification (with 
htseq-count version 0.6.1p1 with settings of "--stranded no") and low quality read trimming. 
After running the BIOPET Gentrap pipeline, a differential expression analysis was performed 
with the edgeR package using R software (21). To correct for multiple testing, the Benjamini and 
Hochberg’s False Discovery Rate (FDR) was put at 5%. Z- Scores data represent the distribution 
of normalized gene counts across all conditions for genes that showed significant differences 
between any of the groups. For pathway and mindmap analyses, the Euretos-Knowledge 
Platform was used (http://Euretos.com/). Euretos allows for semantic search for biologically 
interesting connections between genes, proteins, metabolites and drugs based on an underlying 
database of 176 integrated data sources (January 2017) 
[http://www.euretos.com/files/EKPSources2017.pdf]. Data from these databases were obtained 
in June 2017. Pathway analysis was performed by the use of the Fisher exact test for gene set 
enrichment. 

Statistical analysis 
All data are expressed as mean ± SEM. All p-values were two-tailed and p<0.05 was considered 
statistically significant. Data concerning one factor and two groups were analyzed with an 
independent sample T-test. When one factor and more than two groups were investigated, a one-
way ANOVA with Fisher’s post-hoc test was performed. When data concerned were both a 
factor and a time component, a mixed model analysis was performed in which time was 
modelled as factor with less than four time points and as covariate with four or more time points. 

Supplementary materials and data 
Supplementary Tables and Figures can be found in an online depository (22). 

Results  

CORT118335 prevents obesity and hepatic accumulation of triglycerides and cholesterol 
To evaluate the effect of CORT118335 on obesity and related metabolic parameters, male 
C57Bl/6J mice received HFD supplemented with either vehicle (control) or CORT118335 for 
three weeks. CORT118335 significantly attenuated body weight gain (Fig. 1A), caused by a 
reduction of both fat mass (Fig. 1B, Fig. S.1A-C) and lean mass (Fig. 1C). Indirect calorimetry 
measurements in the first week of treatment showed that CORT118335 treatment reduced caloric 
intake while increasing energy expenditure and fat oxidation, but not carbohydrate oxidation 
(Fig. 1D-G). Oral glucose tolerance was improved upon CORT118335 treatment (Fig. 1H). In 
addition to the overall attenuation of HFD-induced adverse metabolic consequences, 
CORT118335 elicited a large reduction of hepatic triglycerides (-59%, p<0.001) and cholesterol 
(-14%, p=0.02), which was confirmed by oil red O staining (Fig. 1I, Fig. S.1D). Liver weight 
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was reduced after CORT118335 treatment (Fig. S.1E) and so was hepatic inflammation as 
determined by F4/80 immunostaining (Fig. S.1F).  

CORT118335 reverses hepatic accumulation of triglycerides and cholesterol 
In view of the substantial change in liver lipid content after CORT118335 treatment, we next 
evaluated the capacity of CORT118335 to reverse the accumulation of hepatic lipids. Mice 
received either low-fat diet (LFD), HFD for three or six weeks, HFD with CORT118335 for six 
weeks (‘prevention’) or HFD for three weeks followed by HFD with CORT118335 (‘reversal’, 
Fig. 1J). CORT118335 treatment attenuated HFD-induced body weight gain, both in the 
prevention and in the reversal setting (Fig. 1K). CORT118335 effectively normalized hepatic 
triglycerides and cholesterol levels to those observed in LFD in both CORT118335 prevention 
and reversal treatment groups (Fig. 1L-M). Plasma cholesterol levels were increased in 
CORT118335-treated mice, which was mostly due to an increased high-density-lipoprotein 
fraction (Fig. S.2A-B). To investigate whether CORT118335 was also able to reverse liver 
steatosis in a more severe NAFLD model with non-continuous drug administration, mice 
received 45% HFD for 16 weeks after which they received CORT118335 treatment via oral 
gavage for three weeks. CORT118335 strongly and dose-dependently reduced liver triglycerides 
(-41% and -60%, p=0.09 and p=009 respectively, Fig. 1N) but not liver cholesterol (Fig. 1O). 

To confirm that selective GR modulation is essential to improve liver phenotype, the full GR 
agonist dexamethasone and the full GR antagonist mifepristone were investigated. Both 
dexamethasone and mifepristone did not improve, and even aggravated, hepatic triglyceride 
accumulation (Fig. S.3A-C) - in spite of the fact that mifepristone significantly reduced food 
intake in this experiment (Fig. S.3D). This strongly supports the notion that CORT118335 effects 
on hepatic lipid content can be attributed to selective GR modulation. 

CORT118335 stimulates hepatic VLDL-triglyceride production  
As liver steatosis develops as result of an imbalance in hepatic lipid metabolism pathways, 
expression of genes within these pathways was investigated in vehicle- and CORT118335-
treated mice after three weeks of treatment. CORT118335 upregulated the expression of genes 
involved in VLDL production and secretion (i.e. ApoB, Mttp) but not the expression of genes 
involved in beta-oxidation (i.e., Cpt1a, Acc2) (Fig. 2A). Genes involved in fatty acid uptake (i.e. 
Fabp1, Cd36) were downregulated (Fig. 2A) as well as genes involved in de novo lipogenesis 
(Srebp1c, Fasn, Dgat2, Acc1, Fig 2A). Next, we investigated whether the CORT118335-induced 
upregulation of Mttp and ApoB expression was associated with increased VLDL production by 
assessing plasma triglyceride accumulation after inhibition of tissue lipoprotein lipase while 
labeling apolipoproteins with Tran35S. In line with the transcriptional data, CORT118335 
treatment led to increased plasma triglyceride accumulation over time (Fig. 2B-C). Increased 
hepatic VLDL output involved enhanced lipidation of VLDL particles rather than increased 
VLDL particle production, as the amount of triglycerides per apoB, but not plasma apoB, was 
significantly elevated in CORT118335-treated mice (Fig. 2D-E). As the MTP protein is 
responsible for the intracellular lipidation of apoB to generate VLDL (23), the upregulation of 
Mttp rather than ApoB mRNA appears to be predominantly involved in the biological effect of 
CORT118335 on VLDL-triglyceride production.  

CORT118335 inhibits fatty acid uptake by the liver 
We next investigated whether the reduction of fatty acid transporter gene transcription after 
CORT118335 treatment (Fig 2A) was accompanied by functional alterations and how these 
effects were related to receptor (ant)agonism. To this end, long-chain fatty acids (LCFA) were 
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quantified in the livers of mice after 2 days of treatment with either LFD, HFD or HFD 
supplemented with CORT118335 or with corticosterone (Fig 2F). The essential fatty acid 
C18:2ω6 is a measure for hepatic LCFA uptake as it is exclusively diet-derived and cannot be 
synthesized de novo. CORT118335 tended to reduce hepatic C18:2ω6 content as compared to 
corticosterone-treated animals, suggesting that CORT118335 decreased hepatic fatty acid 
uptake. After six weeks of CORT118335 treatment, these effects were more pronounced as 
hepatic C18:2ω6 LFCA levels were fully normalized to LFD levels (Fig. S.4A). C20:4ω6 LCFA 
was absent from the diet (Fig. 2G) and therefore reflects elongation of lipids after uptake and de 
novo lipogenesis. Both corticosterone and CORT118335 significantly reduced C20:4ω6 content, 
although the effect of corticosterone was larger (Fig. 2F).  

CORT118335 combines partial GR agonistic and antagonistic properties  
To identify the early beneficial transcriptional effects of CORT118335, we performed whole 
transcriptome analysis on livers of mice after two days of treatment with LFD, HFD, HFD 
supplemented with CORT118335 or with corticosterone. The overall gene expression profiles of 
corticosterone- and CORT118335-treated mice were comparable, as well as those of HFD and 
LFD groups (Fig. 3A). In a HFD condition, corticosterone regulated roughly twice as many 
genes as CORT118335 (Fig 3B). Most CORT118335-regulated genes were also regulated by 
corticosterone (Fig. 3C). Comparison between gene induction by corticosterone and 
CORT118335 indicated that, despite the higher dosage of CORT118335 and similar Kd, the 
latter acted as a partial GR agonist with an intrinsic efficacy of 0.65, as calculated from the slope 
of the regression line (Fig. 3D). Examples of partial agonistic actions of CORT118335 include 
the upregulation of classical GR target genes Per1 and Fkbp5, and recently identified hepatic GR 
target genes As3mt and Herpud1 (24) after CORT118335 treatment (Fig. S.5A). Other genes 
were strongly regulated by corticosterone but not, or to a much lesser extent by CORT118335 
(Fig. 3D). Expression of GR target genes Mt1, Mt2, Abi1 and Comt (24) clearly demonstrated 
lack of agonism of the compound (Fig. S.5A). Partial agonism of CORT118335 on the GR was 
also evident from effects on in vivo Hypothalamus-Pituitary-Adrenal-axis (HPA-) dynamics, as 
the compound suppressed both basal and stress-induced endogenous corticosterone and ACTH 
plasma levels and reduced tissue weights of GC-sensitive thymus, adrenals and spleen (Fig. 
S.5B-D).  

Corticosterone and CORT118335 differentially regulate lipid transport, cholesterol biosynthesis 
and cytokine signaling pathways  
As the beneficial effects of CORT118335 can most likely be attributed to a combination of both 
GR agonism (e.g. VLDL production) and antagonism (e.g. fatty acid transport), we performed 
pathway analyses on shared and differentially regulated genes by corticosterone and 
CORT118335. Shared upregulated genes (Fig. S.6A) were enriched for lipid, lipoprotein, 
glucose and glycogen metabolism pathways (Fig. S.7A). Further subdivision of the ‘lipid 
metabolism’ pathway showed that both corticosterone and CORT1118335 upregulated gene 
expression for de novo lipogenesis and beta oxidation (Fig. S.6B). As expected, genes involved 
in VLDL production pathway, Mttp and Apob, were upregulated after both treatments (Fig. 
S.6C).  

Differentially expressed genes between corticosterone and CORT118335 (n=349, Fig. 3B) 
showed significant enrichment of the ‘Metabolism of Lipids and Lipoproteins’ pathway’ (Fig. 
4A). The genes selectively upregulated by corticosterone were also enriched for lipid metabolism 
pathways (Fig. S.7B) and some genes in this pathway were likely directly regulated by the GR 
(Fabp4 (25), Cd36 (26-29) and Nr1h4 (26,27,29-31)) (Fig. 4B). Several selectively 
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corticosterone-upregulated genes are associated with liver steatosis (Cd36 (32-36), Nr1h4 (36-
38) and Fabp4 (39,40)) (Fig. 4B-C), and lipid transport (Cd36 (41) and Fabp4 (42)). Of note, 
corticosterone, but not CORT118335, also upregulated genes of cholesterol biosynthesis 
pathways (Fig. S.7B). Among those differently regulated genes was Hmgcs1, which encodes for 
one of the rate-limiting enzymes in cholesterol biosynthesis and is a direct target gene of the GR 
(Fig. S.7C) (26,27,29,30). To investigate the effects of CORT118335 on GR-mediated 
transrepression mechanisms, pathway analysis was performed on genes that were specifically 
downregulated by corticosterone but not by CORT118335. This revealed that corticosterone but 
not CORT118335 downregulated ‘Cytokine Signaling in Immune System’ and ‘Jak-Stat 
signaling’ pathways (Fig. S.7D). 

Discussion  

Our data firmly demonstrate that CORT118335 prevents and reverses liver steatosis in mice. In 
order to support daily activity and adaptation to stress, endogenous GC are known to increase the 
flux of hepatic lipids by increasing VLDL production as well as lipid uptake (43,44), effects that 
are predominantly GR-mediated (Fig. 5) [18]. CORT118335 selectively recapitulates the lipid 
outflow component via GR agonism, while lacking lipid uptake promoting activities, altogether 
confirming its selective GR modulatory profile (Fig. 5) (13). Our transcriptome analysis, early 
during intervention, showed predominant partial GR agonism in the liver, with some notable 
exceptions that are likely – and fortuitously – linked to prevention of hepatic lipid accumulation. 
The major factors involved in reduced hepatic lipid accumulation upon CORT118335 treatment 
are increased VLDL-triglyceride production, reduced LCFA uptake and potentially also 
increased whole-body fatty acid oxidation, as increased fatty acid oxidation in extra-hepatic 
tissues may reduce lipid flux towards the liver. Additionally, reduced food intake, adiposity and 
de novo lipogenesis may contribute to the steatosis-reducing activities of CORT118335. The fact 
that mifepristone in most experiments led to a comparable reduction in food intake excludes this 
factor as the sole responsible mechanism. In this respect, pair feeding experiments can be of 
interest, but were not performed as food restriction is intrinsically stressful and would strongly 
complicate our experimental results. In addition to the strong beneficial effects on the liver, 
CORT118335 treatment also improved overall metabolic health, which is exemplified by a 
reduction of body weight and improved glucose tolerance, reflecting increased insulin 
sensitivity. These effects are not unique to CORT118335, as other selective receptor modulators 
such as CORT108297 and the GR antagonist mifepristone were shown to have similar metabolic 
activities (45,46). The robust effect of CORT118335 on liver lipids is distinctive from other GR 
ligands. Nevertheless, metabolic effects of CORT118335 may be a consequence of reduced 
hepatic lipid content, thereby improving insulin sensitivity and reducing inflammation (47). As 
transcriptome analysis showed that CORT118335 was less capable than corticosterone in 
transrepressing inflammatory pathways, it is unlikely that CORT118335 is a strong anti-
inflammatory drug via classical GR-mediated transrepression (48). The effects of CORT118335 
on muscle (and bone) catabolism, as apparent from lean mass data, are most likely driven by 
(partial) GR agonistic actions and will be focus of further investigation. 

While extra-hepatic mechanisms may contribute to the effects of CORT118335, several facts 
argue for a strong direct effect on hepatocytes. Measurements of VLDL-triglyceride production, 
hepatic LCFA composition and the CORT118335-associated transcriptome were obtained very 
early after initiation of treatment, even before any substantial (diet-induced) differences in total 
liver lipid content had developed. In addition, the compound provokes a number of effects that 
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have been found by specific targeting of liver GR and very short term transcriptional changes 
(24). The substantial body of data on liver lipids based on targeted GR manipulation also argues 
against a dominant role of the mineralocorticoid receptor at which CORT118335 acts as a lower 
affinity antagonist (14). Thus, there are liver-specific effects that are exclusive for CORT118335 
and that reduce NAFLD development. 

While full GR agonism stimulates and full GR antagonism lowers lipid flux through the 
liver, neither leads to hepatic lipid depletion. Our transcriptome analysis provides support that 
the unique combination of partial agonism and antagonism at the GR is responsible for the 
beneficial liver activities of CORT118335. Corticosterone but not CORT118335 upregulated 
gene expression of two out of six known fatty acid transport proteins that are related to liver 
influx: Cd36/Fat and Fatp4. The involvement of CD36/FAT in liver steatosis has been shown as 
hepatocyte specific CD36/FAT knockout mice were protected against HFD-induced hepatic lipid 
accumulation (35).  

Besides reducing hepatic triglycerides, CORT118335 also had cholesterol-lowering activity. 
This effect seems to be the result of enhanced cholesterol efflux (VLDL-production) and, as 
suggested from our transcriptomics data, a lack of effect on cholesterol biosynthesis pathways 
(e.g. Hmgcs1). Reducing hepatic cholesterol levels, with for example HMG-coA inhibitors 
(statins), was shown to improve NAFLD and non-alcoholic steatohepatitis and was recently even 
suggested as a novel therapeutic strategy (49,50).  

Selective GR modulation or ‘dissociated signaling’ has been pursued as inflammatory 
disease treatment for decades (51). Our data establish that it is feasible to use selective GR 
modulation to target GR-dependent diseases, by interfering with metabolic fluxes – not only in 
prevention, but also in a reversal setting. Further mechanistic studies on selective receptor 
modulators will help with understanding and predicting which GR transcriptional coregulators 
and signaling pathways are involved in pathogenic processes. In itself, CORT118335 forms an 
interesting lead for future clinical development. 
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Fig. 1 CORT118335 prevents and reverses hepatic lipid accumulation. In a preventive 
setting, mice received 10% fructose water and a high-fat diet (HFD) containing vehicle or 
CORT118335 (C118) for three weeks (n=8 per group). A-C) C118 reduced body weight, fat 
mass and lean mass. D-G) C118 additionally reduced caloric intake, energy expenditure and fat 
oxidation but not carbohydrate oxidation in week 1. H) C118 increased intravenous glucose 
tolerance in week 2; glucose levels shown are corrected for baseline. I) C118 strongly reduced 
hepatic triglycerides and cholesterol in week 2. J) In a reversal setting, mice received low-fat diet 
(LFD), 10% fructose water and a HFD supplemented with vehicle or C118, or HFD for three 
weeks followed by HFD supplemented with C118 for three weeks (Reversal or Rev, n=8 per 
group). K-L) C118 reduced body weight, and fully normalized hepatic triglycerides and 
cholesterol. M) Representative images of hepatic lipid staining using oil red O. In a more severe 
NAFLD model, mice received HFD for 16 weeks after which treatment with vehicle or C118 (5 
and 30 mg/kg/day) was started. N-O) C118 dose-dependently reduced hepatic triglycerides but 
not cholesterol. ~ = p<0.1 vs HFD 3 wks; * = p<0.05, ** = p<0.01, *** = p<0.001 vs HFD 3 
wks; $ = p<0.05, $$$ p<0.001 vs HFD 6 wks; ### = p<0.001 vs LFD.  
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Fig. 2. CORT118335 increases hepatic VLDL-triglyceride production and decreases long-
chain fatty acid uptake. A) In a preventive setting, mice received 10% fructose water with 
high-fat diet (HFD) containing vehicle or CORT118335 (C118). C118 selectively affected 
expression of genes related to hepatic lipid but not to glucose metabolism after three weeks (n=8 
per group). B-C) VLDL production measurements after two days of C118 or vehicle treatment in 
mice that received HFD for 2.5 weeks (n=8 per group) showed that C118 increased plasma 
triglyceride accumulation after inhibition of tissue lipoprotein lipase, i.e. VLDL-TG production 
rate. D-E) The amount of produced VLDL particles was not different as measured with Tran35S 
labelling of apolipoproteins, CORT118335 rather increased the amount of TG per apoB. F) 
Long-chain fatty acid composition indicated C118 reduced fatty acid uptake as compared to 
corticosterone treatment (C18:2w6), but did not alter de novo lipogenesis (C20:4w6). Mice 
received low-fat diet (LFD), high-fat diet (HFD) supplemented with vehicle, C118 or 
corticosterone for two days (n=4 per group) and in G) respective diets. * = p<0.05, ** = p<0.01, 
*** = p<0.001 vs HFD; # = p<0.05, ## = p<0.01, ### = p<0.001 vs LFD; $(~) = p<0.01, $= 
p<0.05 vs corticosterone.  

Fig. 3 CORT118335 is a selective GR modulator with predominantly partial agonistic 
properties on hepatic gene expression. RNA sequence analysis was performed on livers of 
mice that received low-fat diet (LFD), 10% fructose water and a high-fat diet (HFD) 
supplemented with vehicle, CORT118335 (C118) or corticosterone (CORT) for two days (n=4 
per group). A) Heatmap of clustered Z-scores based on the fit to the distribution of normalized 
gene counts across all conditions for genes that showed significant (P<0.00001) differences 
between any of the groups B) The number of differentially expressed genes in four different 
comparisons, 1) HFD vs LFD diet, 2) CORT vs HFD, 3) C118 vs HFD and 4) CORT vs C118, 
reveal that C118 regulates half as many genes as CORT. C) Venn diagram of overlap of up- and 
downregulated genes between different comparisons. D) The slope of the average log fold 
change induction by C118 versus CORT indicates an intrinsic efficacy of 0.65 for most genes, 
but one that is substantially lower for some genes.  

Fig. 4 Corticosterone, but not CORT118335, upregulates expression of genes involved in 
hepatic fatty acid uptake. RNA sequence analysis was performed on livers of mice that 
received low-fat diet (LFD), 10% fructose water and a high-fat diet (HFD) supplemented with 
vehicle, CORT118335 (C118) or corticosterone (CORT) for two days (n=4 per group). A) 
Pathway analysis on differentially expressed genes in the CORT vs C118 comparison indicated 
that corticosterone regulated lipid metabolism-related genes stronger than C118 in a HFD 
context. B) Relationships between upregulated genes within the ‘Metabolism of lipids and 
lipoprotein’ pathway and ‘fatty liver’, ‘Nr3c1’ (glucocorticoid receptor gene), and ‘lipid 
transport’. C) Hepatic expression of candidate genes.  

Fig. 5 Graphical abstract 
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