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Graphical abstract 

Figure created with BioRender.com
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Abstract 

Glucocorticoids (GC) are commonly prescribed because of their anti-inflammatory and 

immunosuppressive properties. However, high doses of GC often lead to adverse side effects 

including diabetes and lipodystrophy. We recently reported that adipocyte glucocorticoid 

receptor (GR)-deficient (AdipoGR-KO) mice under corticosterone (CORT) treatment exhibited 

a massive adipose tissue (AT) expansion associated with a paradoxical improvement of 

metabolic health compared to control mice. However, whether GR may control adipose 

development remains unclear. Here, we show a specific induction of the hypoxia-inducible 

factor HIF-1 and the pro-angiogenic Vascular Endothelial Growth Factor-A expression in 

GR-deficient adipocytes of AdipoGR-KO mice as compared to control mice, together with an 

increased adipose vascular network, as assessed by 3D-analysis imaging. GR activation reduced 

HIF-1 recruitment on Vegfa promoter resulting from Hif-1 down-regulation at the 

transcriptional and post-translational levels. Importantly, in CORT-treated AdipoGR-KO mice, 

the blockage of VEGFA by a soluble decoy receptor prevented AT expansion and the healthy 

metabolic phenotype. Finally, in subcutaneous AT from Cushing patients, higher VEGFA 

expression was associated with a better metabolic profile. Collectively, these results highlight 

that adipocyte GR negatively controls AT expansion and metabolic health through the down-

regulation of the major angiogenic effector VEGFA and inhibiting vascular network 

development. (LIPOCUSH, NCT01688349)
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Article Highlights

- Our previous study demonstrated that adipocyte glucocorticoid receptor (GR) deficiency 

protects mice from glucocorticoid (GC)-induced deleterious metabolic effects. Interestingly, 

this health improvement was associated with a massive expansion of their adipose tissue.

- Here we determined the role of GC/GR signaling on adipose tissue expansion and 

vascularization.

- GR suppresses adipose tissue vascularization by decreasing the vascular factor VEGFA and 

its transcriptional regulator HIF-1. Blocking VEGFA abrogates beneficial impacts of GR 

deficiency in GC-exposed mice. Cushing’ patients with higher VEGFA expression in AT 

exhibit a healthier metabolic profile.

- Selectively antagonizing adipocyte GR could prevent GC metabolic adverse effects. 
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Introduction

Glucocorticoids (GC) and their synthetic analogues are a potent treatment for inflammatory 

diseases and are therefore among the most prescribed drugs. Nowadays, 1-1.2 % of the general 

population may undergo systemic GC therapy for months or years (1). However, prolonged GC 

exposure, as observed in patients with Cushing’s syndrome, may lead to metabolic adverse 

events, including insulin resistance, hyperglycemia, dyslipidemia and lipodystrophy (2-4), 

suggesting a role for GC signaling in metabolic syndrome.

GC have diverse effects on adipose tissue (AT) biology, ranging from adipocyte precursor 

differentiation to the regulation of metabolic and endocrine functions in mature adipocytes (2, 

3). The biological effects of cortisol (in humans) and corticosterone (in rodents) are mediated 

by both the mineralocorticoid receptor and the glucocorticoid receptor (GR), the latter being 

prominently involved in the metabolic alterations induced by GC (5, 6). These data strengthen 

the interest for studying the impact of GR activation on AT biology and metabolism.

This past decade, independent studies have reported the effect of the constitutive adipocyte-

specific GR invalidation in mice under high fat diet (7-12) leading to contrasting phenotypes. 

To overcome potential compensatory mechanisms resulting from constitutive GR deficiency 

during AT development in mice, we generated an inducible model of selective adipocyte GR 

invalidation (AdipoGR-KO) in adult mice. Glucose intolerance and insulin resistance usually 

induced by the GR natural ligand corticosterone (CORT) in control mice were markedly 

reduced in AdipoGR-KO mice compared to their littermate controls (13). This metabolic 

improvement was associated with reduced hepatic steatosis and improved lipid profile. 

Interestingly, these beneficial effects were associated with a massive expansion of 

subcutaneous (SCAT) and gonadal AT (GAT) (13). These results were also consistent with 

higher adiposity and insulin sensitivity observed in constitutive GR-deficient mice despite GC 
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treatment (12, 14). Thus, selective GR deletion within adipocytes alleviated some adverse GC 

effects by favoring a healthy expansion of adiposity in AdipoGR-KO mice.  

AT is a highly active tissue, whose expanse is accompanied by the development of an 

appropriate vascular network, adapted to the tissue size and to nutritional challenges (15-17). 

Blood flow ensures metabolic and oxygen exchanges, and delivers hormones and growth 

factors involved in whole body metabolic homeostasis (15, 16, 18). The vascular system 

controls AT microenvironment, which influences preadipocyte differentiation, AT function and 

plasticity (18). Blood vessel growth and angiogenesis is partly promoted by mild hypoxia 

through induction of the transcription factor HIF-1α (Hypoxia-Inducible Factor-1α) (20), which 

acts with its partner HIF-1 on hypoxia response elements (HREs) present in the promoter of 

the gene coding for VEGFA (Vascular Endothelial Growth Factor-A), a key angiogenic factor 

(17, 19). During obesity, the rapid increase in fat mass exceeds the vascular network expansion 

capacities, triggering AT inflammation and insulin resistance, and contributing to systemic 

metabolic alterations (17, 19, 20). Adipose-specific VEGFA overexpression improves AT 

vascularization and protects mice from high fat diet deleterious effects, while suppressing 

VEGFA in AT reduces adipose vascular network, promotes inflammation and the development 

of a severe insulin resistance (21-23). Angiogenesis adaptation therefore seems to be an early 

and crucial process for healthy AT expansion.

The aim of the current study was to show that adipocyte GR activation could directly preclude 

AT vascular network adaptation and, in turn, modulate whole body metabolic homeostasis. By 

combining in vivo and in vitro approaches, we unveiled a new mechanism in which the 

adipocyte GC/GR signaling restrains AT vascularization through the regulation of the 

HIF-1/VEGFA pathway, therefore participating to the deleterious metabolic effects of GC. 
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Research Design and Methods 

Animals and treatments 

AdipoGR-KO mice were generated as described in (13). Treatments (tamoxifen, corticosterone 

and Aflibercept (AFLI)), and tissue and blood collection were detailed in Online Supplemental 

Material. 

Metabolic parameters’ exploration and in vivo insulin stimulation 

Insulin tolerance test (ITT) and insulin pulse experiments were performed as described in (13) 

on 5-hour fasted mice, injected intraperitoneally with 1 IU/kg and 1.5 IU/kg of human insulin 

(Actrapid Penfill; Novo Nordisk, Paris, France), respectively. Hepatic triglycerides (TG) were 

extracted and measured with a colorimetric diagnostic kit according to manufacturer’s 

instructions (Triglycerides FS, DiaSys, Grabels, France). 

Histo-morphological procedures 

Paraffin-embedded liver and adipose tissue (AT) were cut in 5-m-thick sections and stained 

with hematoxylin and eosin. For CD31 staining, NOVOLINK Polymer Detection Systems kit 

was used according to manufacturer’s recommendations (Leica, Buffalo Grove, IL, USA) 

(Supplementary Table 1). CD31 intensity was determined on 5 to 10 fields of SCAT and GAT 

per section covering the entire tissue surface, at original magnification x10 (optical microscope 

IX83; Olympus, Rungis, France) using ImageJ software (http://rsbweb.nih.gov/ij/). Results are 

expressed as region of interest (ROI) per mg of AT. 

Isolation of adipocyte and stromal vascular fractions 

When indicated, adipocyte and stromal vascular fractions (SVF) were isolated from SCAT and 

GAT of treated control and AdipoGR-KO mice as previously described in (13). 
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Flow cytometry

Freshly isolated SVF were incubated with fluorescent-conjugated antibodies or their respective 

controls (Supplementary Table 1). Flow cytometry was performed with a CytoFLEX cytometer 

(Beckman Coulter, Villepinte, France) and data analysis was conducted by FlowJo software 

(Becton, Dickinson and Company, Franklin Lakes, USA). 

Cell culture

3T3-F442A preadipocytes (24) were maintained and differentiated as mentioned in Online  

Supplemental Material. Mature adipocytes were treated with indicated dexamethasone (Dex, 

Sigma-Aldrich) concentrations, with or without 100 M of RU-486 (Sigma-Aldrich), under 

normoxic (21% O2, 5% CO2, and 74% N2), or hypoxic condition (1% O2, 5% CO2, and 94% 

N2) for 16 hours.

RNA extraction and RT-qPCR analysis

Total RNA extraction from human and mice tissues and adipocyte / SVF fractions are detailed 

in Online Supplemental Material.

Protein extraction and analysis

Details are provided in the Online Supplemental Material.

Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed on mature 3T3-F442A adipocytes treated with 100 nM 

dexamethasone under normoxic or hypoxic condition for 16 hours with the Acetyl-histone H4 

immunoprecipitation (ChIP) assay kit according to manufacturer’s instructions (Sigma-
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Aldrich) as previously described in (25) and detailed in Online Supplemental Material 

(Supplementary Tables 1 and 2). 

AT clearing and 3D-fluorescence imaging

DyLight 649 labeled Lycopersicon Eculentum (Tomato) lectin (Vector Labs, Peterborough, 

UK) was systemically administered to the mice via the retro-orbital sinus 5 minutes before the 

sacrifice (Supplementary Table 1). Detailed methodology is provided in Online Supplemental 

Material.  

Patients with Cushing’s syndrome

Patients were diagnosed with endogenous ACTH-independent Cushing’s syndrome, caused by 

benign adrenal gland adenoma. Cushing’s syndrome diagnosis was made according to at least 

one of the three following parameters: an increase in urinary free cortisol, altered plasma 

cortisol after a 1 mg dexamethasone suppression test (DST), or a high midnight plasma cortisol, 

associated with a low ACTH plasma level. Sample collection processing, morphometric and 

metabolic parameters are described in Online Supplemental Material (Supplementary Tables 3 

and 4).

Statistical Analysis 

All values were expressed as the means +/- SEM. The normality was tested by Shapiro-Wilk 

test. For comparisons of two groups, data were analyzed using Student’s t-tests. For multiple 

groups comparisons, data were analyzed using one-way ANOVA followed by Bonferroni post 

hoc analyses when appropriate or Kruskall-Wallis test. Correlations between human gene 

expression data, clinical and anthropometric parameters were analyzed by calculating 
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Spearman’s coefficient. Test analyses were performed using Prism software Prism 8 (GraphPad 

Software, La Jolla, CA, USA). A P value < 0.05 was considered statistically significant. 

Data and Resource Availability

Data sets and resources are available upon request.
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Results 

Adipocyte-specific GR deficiency prevents CORT-inhibition of adipocyte Vegfa and Hif-

1α expression and promotes a healthy adipose tissue expansion 

To analyze GR role on angiogenesis during CORT-induced AT expansion, we measured Vegfa 

and Hif-1α mRNA expression in whole SCAT and GAT or alternatively in isolated adipocyte 

and stromal vascular fractions (SVF), collected from AdipoGR-KO and littermate control (Ctrl) 

mice treated with vehicle (VEH) or CORT for 4 weeks.

CORT treatment drastically decreased Vegfa and Hif-1α mRNA levels in whole SCAT and 

GAT of control mice, and in the corresponding adipocyte fractions (Fig. 1A and 1B). In 

agreement, VEGFA protein content was reduced by 40-45% in the SCAT and GAT of CORT-

treated control mice (Fig. 1C). Strikingly, adipocyte GR deficiency almost completely 

prevented the CORT-related down-regulation in Vegfa and Hif-1α mRNA expression in AT, 

and more specifically in their adipocyte fractions (Fig. 1A-1B, and Supplementary Fig. 1A). 

Accordingly, VEGFA protein concentration was increased by 2- to 4.5-fold in AT of CORT-

treated AdipoGR-KO mice, when compared to their control mice (Fig. 1C), without impacting 

VEGFA plasma concentration (Supplementary Fig. 1B). Furthermore, GR deficiency in AT did 

not affect Vegfa and Hif-1 mRNA expression in the liver and skeletal muscles in mice under 

VEH and CORT treatment (Supplementary Fig. 1C). Notably, the increased Vegfa mRNA and 

protein expression in CORT-treated AdipoGR-KO mice is consistent with their AT massive 

expansion and preserved insulin sensitivity compared to control mice (Fig. 1D and 1E). 

Interestingly, when comparing SCAT and GAT weight gain to Vegfa and Hif-1α expression 

after only 4 days of CORT treatment in control and AdipoGR-KO mice, we found an elevated 

fat depot weights (Supplementary Fig. 2A), associated with higher expression of Vegfa and Hif-

1α mRNA in fat depots of AdipoGR-KO mice compared to control mice (Supplementary Fig. 
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2B). Altogether, these data demonstrate a functional link between adipocyte GR signaling and 

an early angiogenesis and AT expansion. 

The GR agonist dexamethasone exerts an inhibitory effect on Vegfa and Hif-1α expression 

in cultured adipocytes

To investigate the regulation of adipose Vegfa and Hif-1α mRNA expression by GC, we treated 

3T3-F442A adipocytes with different doses of dexamethasone (Dex), alone or in association 

with the GR antagonist RU-486 (Fig. 2A). As expected, the expression of the GR target gene 

Fkbp5 was strongly induced by Dex, in a dose-dependent manner, up to 20-fold at 100 nM, and 

conversely inhibited in the presence of RU-486 (Fig. 2A). Consistent with in vivo data, Vegfa 

and Hif-1α expression was reduced by 50 and 60 %, respectively, upon Dex 100 nM treatment. 

RU-486 totally prevented the inhibitory action of Dex treatment on both genes (Fig. 2A), 

supporting the fact that Vegfa and Hif-1α regulation depends on GR activation. 

We exposed 3T3-F442A adipocytes under hypoxia, a condition stabilizing HIF-1α protein and 

tested whether Dex could affect Vegfa and Hif-1α expression in this permissive condition. As 

expected, hypoxia induced glucose transporter Slc2a1 and Vegfa mRNA expression (Fig. 2B) 

(26, 27). In this context, Dex treatment markedly reduced hypoxic induction of Slc2a1 and 

Vegfa mRNA (Fig. 2B). In agreement with the known post-translational regulation of HIF-1α 

protein, hypoxia alone had little impact on Hif-1α mRNA expression (Fig. 2B), but increased 

the overall protein level (Fig. 2C). Dex decreased both Hif-1α mRNA and protein expression, 

suggesting a transcriptional and post-transcriptional GR-mediated HIF-1 regulation (Fig. 2B 

and 2C). Chromatin immunoprecipitation (ChIP) assay showed that Dex treatment decreased 

hypoxia-induced HIF-1α recruitment onto the Vegfa promoter (Fig. 2D), suggesting a reduced 

HIF-1 transcriptional activity. These results indicate that under Dex stimulation, GR down-

regulates Vegfa expression through a decrease in Hif-1α expression and activity. 
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AdipoGR-KO mice exhibit increased adipose tissue vascularization under CORT 

treatment

To explore whether changes in Vegfa mRNA and protein levels affected AT angiogenesis and 

vascular network in CORT-treated AdipoGR-KO mice, we first performed flow cytometry 

analysis of CD31+/CD45- endothelial cells from SCAT and GAT. In control mice, CORT 

treatment decreased endothelial cell number compared to VEH-treated mice (Fig. 3A), 

consistent with CORT-induced down-regulation of Vegfa expression (Fig. 1A). Strikingly, 

adipocyte GR deficiency completely prevented this decrease in GAT, leading to a 3-fold 

increase in endothelial cell number compared to CORT-treated control mice (Fig. 3A). 

Although not significative, we observed a trend towards a higher number of endothelial cells in 

the SCAT of CORT-treated AdipoGR-KO mice (Fig. 3A). These results were confirmed by 

immunohistochemistry showing an increased endothelial cell (CD31) labeling in AT of 

AdipoGR-KO mice compared to control mice (Fig. 3B). To assess whether these changes were 

associated with vascular network remodeling, we performed 3D fluorescence imaging of 

cleared SCAT and GAT vascular network from control and AdipoGR-KO mice (Fig. 3C-3E). 

We observed a higher vascular volume in AT of CORT-treated AdipoGR-KO compared to their 

control mice (Fig. 3D and Supplementary Movies 1-8), suggesting that the adipocyte GR 

restrains AT vascularization and growth. 

VEGFA is a key factor of adipose tissue vascularization and expansion in AdipoGR-KO 

mice under CORT treatment

To determine the role of VEGFA in the CORT-induced AT expansion in AdipoGR-KO mice, 

we treated  animals in the same time as CORT with Aflibercept (AFLI), that binds VEGFA and 

blocks its action (28). 
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AFLI efficiency on the VEGFA/VEGFR2 signaling was validated on the expression of the 

target gene Esm1 (Endothelial cell-specific molecule 1) (29). Esm1 was up-regulated in SCAT 

and GAT of CORT-treated AdipoGR-KO mice compared to control mice and was decreased, 

as expected, by AFLI (Fig. 4A). 

We then explored the consequences of altered VEGFA signaling on endothelial cell number by 

flow cytometry. Blocking VEGFA action in CORT-treated AdipoGR-KO mice drastically 

reduced endothelial cell number in comparison with mice treated with CORT alone (Fig. 4B). 

Moreover, AFLI and CORT combined treatment attenuated the greater body weight gain, fat 

mass and AT expansion observed in AdipoGR-KO mice treated with CORT alone (Fig. 4C-

4F). Of note, AFLI alone had no significant impact on body and AT weights, except a slight 

decrease in the GAT of CORT-treated control mice (Supplementary Fig. 3A-3C). Therefore, 

these findings demonstrate that the crosstalk between GR-deficient adipocytes and endothelial 

cells through VEGFA secretion is necessary for AT expansion in AdipoGR-KO mice. 

AFLI treatment suppresses the protective effect of GR deficiency on CORT-induced 

insulin resistance 

CORT-treated AdipoGR-KO mice were, as expected, more sensitive to insulin than CORT-

treated control animals (Fig. 5A and 1F). However, AFLI- and CORT-treated AdipoGR-KO 

mice reached an insulin resistance level similar to CORT-exposed control mice (Fig. 5A). We 

performed insulin pulse experiments to investigate the effect of AFLI treatment on the 

activation of insulin signaling in SCAT, GAT, and in the liver and measured Akt 

phosphorylation (Fig. 5B-5E). Immunoblot analysis indicated that AdipoGR-KO mice treated 

with CORT were protected from CORT-induced insulin resistance in SCAT and GAT, but not 

in the liver compared to control mice (Fig. 5B-5E). Importantly, AFLI treatment drastically 

impaired insulin-induced Akt phosphorylation in GAT and to a lesser extend in SCAT, but not 
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in the liver of CORT-treated AdipoGR-KO mice (Fig. 5B-5D). Overall, our data support the 

concept that AdipoGR-KO mice are less protected from CORT-induced insulin resistance when 

treated with AFLI and show that VEGFA is a prerequisite for the healthy AT expansion which 

is required to sustain insulin sensitivity. 

AFLI treatment suppresses the protective effect of GR deficiency on CORT-induced 

hepatic steatosis

We previously demonstrated that GR-deficient mice were protected from hepatic steatosis and 

had lower triacylglycerol (TG) concentrations in their liver despite CORT exposure (13). To 

investigate whether AFLI treatment could impact CORT-induced hepatic steatosis, we 

performed hematoxylin/eosin staining on liver sections. As expected, CORT treatment led to 

liver steatosis in control mice, which was strongly reduced in AdipoGR-KO mice (Fig. 5F). 

GR-deficient mice treated with combined AFLI and CORT treatment were no longer protected 

from liver steatosis (Fig. 5F). Accordingly, hepatic TG concentration was drastically reduced 

in the liver of CORT-treated AdipoGR-KO compared to control mice, an effect that was 

abrogated under AFLI treatment (Fig. 5G). Thus, adipocyte GR plays a key role in the 

regulation of healthy AT expansion and therefore the protection against hepatic steatosis in 

AdipoGR-KO mice under CORT treatment. 

Higher VEGFA expression in SCAT is associated with a healthier metabolic profile in 

patients with Cushing’s syndrome

We assessed the pathophysiological relevance of GC-regulated VEGFA expression in a cohort 

of 20 patients with hypercortisolic adenoma (LIPOCUSH cohort). Patients’ clinical, metabolic 

and anthropometric parameters are depicted in Supplementary Tables 3 and 4.
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We determined whether VEGFA expression was correlated with a healthier metabolic profile. 

As observed in Figure 6A and Supplementary Table 5, VEGFA expression was negatively 

correlated with BMI and HOMA-IR, and positively correlated with the percentage of fat mass 

in the upper and lower limbs. We then divided the LIPOCUSH cohort in two subgroups 

according to their low or high level of VEGFA expression in SCAT, based on the stratified 

median (Fig. 6B). Patients with the highest expression of VEGFA displayed lower levels of 

insulin resistance (assessed by HOMA-IR index) and of glycated hemoglobin, HbA1c 

(Supplementary Table 3). No further changes were observed regarding cortisol production, 

plasma TG and free-fatty acids between both groups. “Higher VEGFA” patients presented an 

increase in the percentage of fat mass in upper and lower limbs despite similar percentage of 

total and trunk fat mass compared with patients expressing the lowest VEGFA level 

(Supplementary Table 4). Thus, higher VEGFA expression in Cushing’s patients was associated 

with an improved metabolic phenotype and enhanced expansion of AT in limbs, likely acting 

as a protective ‘metabolic sink’ through its increased capacity of lipid buffering (30, 31).

We further explored whether expression of key markers of GC signaling, adipocyte 

differentiation and function were correlated to VEGFA expression (Fig. 6 and Supplementary 

Table 5). VEGFA expression was positively correlated with NR3C1 (human GR gene) and 

adipocyte marker-related genes, while negatively correlated with the expression of HSD11B1 

(11-beta hydroxysteroid dehydrogenase 1), an enzyme responsible for local production of 

cortisol. The stratified analysis highlighted that higher VEGFA patients displayed an increased 

NR3C1 expression while HSD11B1 mRNA level was decreased (Fig. 6C). Furthermore, mRNA 

expression of early (CCAAT-enhancer-binding protein C/EBPB, C/EBPD) and late 

(peroxisome proliferator–activated receptor γ PPARG, C/EBPA adipogenic transcription 

factors (Fig. 6D-6E), as well as lipogenic markers (SREBF1 and fatty acid synthase FASN) (Fig. 

6F) were also significantly increased in patients with the highest VEGFA expression, supporting 
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an improved adipocyte differentiation and lipid storage capacities. Finally, according to the 

decreased insulin resistance observed in high VEGFA patients, ADIPOQ, but not LEP mRNA 

expression was elevated (Fig. 6G). Collectively, these data show that hypercortisolic patients 

with lower level of VEGFA expression in SCAT exhibited a worsened metabolic profile as 

compared to patients with higher VEGFA expression, highlighting a combined action of 

VEGFA factor and GC/GR pathway in Human AT and metabolic homeostasis.  
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Discussion 

We previously demonstrated that the selective deletion of the GR in AT counteracts several 

deleterious GC-induced metabolic effects leading to insulin resistance and diabetes (13). This 

improvement was associated with a massive expansion of AT in mice, suggesting a detrimental 

role of the GR in the healthy AT adaptation, an effect still poorly documented. In this study, 

we demonstrate for the first time that adipocyte GR acts as a central player of adipose vascular 

flexibility by repressing Vegfa expression and down-regulating VEGFA protein known as a 

cornerstone of AT plasticity (17). Supporting our hypothesis, Hayashi et al published a 

transcriptomic analysis showing that VEGF pathway was altered in AT of patients with a 

Cushing’s syndrome (14). Hence, our main conclusion is that the adipocyte GC/GR signaling 

pathway negatively regulates AT vascularization, thereby precluding healthy AT expansion and 

whole-body metabolic homeostasis. 

AT exhibits remarkable plasticity and expansion capacities, requiring the development of new 

vessels to support an adequate supply of oxygen and nutrients (15, 32, 33). However, an altered 

synergy between AT expansion and vascularization, as observed during obesity, may lead to 

hypoxia, inflammation and impaired AT function (19, 34). VEGFA is crucial to regulate this 

process as previously documented by others (21-23). In the present study, CORT treatment in 

control mice led to metabolic deleterious effects, which coincides with decreased Vegfa 

expression in AT. This effect was counteracted by the absence of adipocyte GR, suggesting a 

GC- and GR-dependent Vegfa expression. Surprisingly, despite a strong induction of VEGFA 

in AT, plasma levels remained stable in AdipoGR-KO mice, indicating a paracrine, rather than 

an endocrine effect of adipocyte VEGFA on endothelial cells to promote vascular network and 

AT expansion. These results are consistent with the work of Elias et al (23), showing that 

adipocyte Vegfa overexpression had no impact on VEGFA plasma levels. Moreover, our data 
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are also in line with the increased adipocyte Vegfa expression observed in total HSD11B1-

deficient obese mice (35, 36). Nevertheless, due to our unique inducible adipose-specific mouse 

model, we are the first to show that adipocyte GR signaling exerts a significant role on AT 

vascular adaptation and plasticity through VEGFA, therefore controlling whole-body insulin 

sensitivity. 

A link between GR signaling and VEGFA suppression has been suggested in adipose and non-

adipose tissues (37, 38), however the molecular mechanism still remains elusive. We raised 

several hypotheses to explain Vegfa modulation by GC/GR signaling. No Glucocorticoid 

Responsive Elements (GRE) consensus site has been reported on Vegfa promoter (39). 

Therefore, HIF-1, one of the major transcription regulators of VEGFA, appears as a relevant 

molecular mediator of GC action. Deletion of adipocyte Phd2 (Prolyl-hydroxylase domain 

protein 2) in mice results in stabilization of HIF proteins leading to a pseudo-hypoxia condition, 

and an increased adiposity associated with a beneficial AT vascularization (40). Similarly, we 

showed a significant induction of Hif-1, closely related to Vegfa expression, in adipose depots 

of CORT-treated AdipoGR-KO mice. Experiments on mature 3T3-F442A adipocytes showed 

a concomitant regulation of the Vegfa and Hif-1 contents by Dex, involving transcriptional 

and post-translational HIF-1 changes and a reduced binding on Vegfa promoter. Collectively, 

these in vivo and in vitro approaches indicate that GR signaling decreases HIF-1 activity on 

Vegfa promoter, leading to a reduced Vegfa expression. However, the absence of GRE 

consensus sites in Hif-1 promoter suggests a more complex level of regulation by GC/GR 

pathway (41).

Our thorough study supports the fact that the improved metabolic profile in AdipoGR-KO mice 

was partly due to an enhanced SCAT and GAT vascularization. While CORT decreased the 
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number of CD31 endothelial cells in AT of control mice, adipocyte GR deletion prevented 

CORT-induced endothelial cell decline. Through the innovative technique of whole AT 

clearing coupled to 3D volume fluorescence-imaging (18, 42, 43), we showed that these data 

were associated with a higher density of adipose vascular network, characterized by an 

increased vessel volume rather than a change in their length in AT of AdipoGR-KO mice. The 

overall higher density of capillaries may favor the interaction surface with the surrounding 

adipocytes and therefore contributes to adipocyte lipid storage and expansion. 

To determine the contribution of VEGFA in the healthy AT expansion of AdipoGR-KO mice, 

we used AFLI combined with either VEH or CORT treatment to block VEGFA action. AFLI 

is used in human colorectal cancer or diabetic retinopathy (28, 44, 45). This recombinant protein 

was engineered by the fusion of two extracellular domains of VEGF receptor 1 and 2 to the 

heavy chain portion of human immunoglobulin G1. AFLI prevents VEGFA, VEGFB and to a 

lower affinity PIGF binding to their receptors on endothelial cells. Blocking VEGFA action on 

endothelial cells impedes AT growth and development, and results in the loss of beneficial 

effects of GR deficiency on insulin resistance and liver steatosis. Altogether, our study 

highlights the major role of VEGFA in the healthy expansion of AT in mice with deleted 

adipocyte GR. 

Finally, we assessed the relevance of our findings in a cohort of Cushing's syndrome patients 

due to adrenal cortisolic adenoma. Patients with the highest VEGFA expression showed an 

improved glycemic profile associated to an increased expression of the insulin-sensitizing 

adipokine, adiponectin. These patients also exhibited a higher expression of the main markers 

of adipocyte differentiation and lipogenesis in SCAT, suggesting a healthy and insulin sensitive 

AT. Although our human study has some limitations due to the small number of selected 
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patients, these data strengthen our in vitro and in vivo conclusions in mice, regarding the role 

of VEGFA and angiogenesis in the control of AT expansion and metabolic homeostasis under 

hypercorticism.

In conclusion, this new facet of adipocyte GR action on the physiology and pathophysiology of 

AT will help to define future therapeutic strategies aiming at reducing deleterious metabolic 

effects of GC. Research to date has focused on developing selective GR modulators (SGRMs) 

that retain the anti-inflammatory properties of GC, but limit their metabolic or bone side effects 

(46, 47). However, due the complexity of GR signaling regulation at the molecular level, and 

based on our results, it seems relevant to consider innovative approaches to selectively 

antagonize the GR specifically in adipocytes, to prevent GC metabolic adverse effects such as 

insulin resistance and hepatic steatosis.
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Figure titles and legends

Figure 1. Adipocyte-specific Gr deficiency prevents CORT-down-regulation of adipose 

Vegfa and Hif-1α expression and promotes a healthy adipose tissue expansion 

Control (Ctrl) and AdipoGR-KO mice were exposed to VEH or corticosterone (CORT) during 

4 weeks. A, B: Relative gene expression of Vegfa and Hif-1α was determined by RT-qPCR (A) 

in total subcutaneous (SCAT) and gonadal adipose tissue (GAT) extracts (n = 10-12/group) and 

(B) in the adipocyte fraction (n = 8-14/group). C: VEGFA protein concentration was measured 

in total extracts of SCAT and GAT of VEH- and CORT-treated Ctrl and AdipoGR-KO mice (n 

= 5-6/group). D: Weight of SCAT and GAT was reported as a percent of body weight for each 

mouse (n = 10-12/group). E: Insulin tolerance test (ITT) was performed on mice fasted for 5 

hours before insulin intraperitoneal injection (1 IU/kg) (n = 10-11/group). Glucose levels were 

determined at indicated times (left panel) and areas of the curve were determined (AOC, right 

panel) for each ITT. 

Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05, 

**P<0.01 and ***P<0.001, as determined by Kruskal-Wallis test and one-way ANOVA, 

followed by the Bonferroni post-hoc test to compare means. 

See also Supplementary Fig. 1 and 2. 

Figure 2. The GR agonist dexamethasone inhibits Vegfa and Hif-1α expression in 3T3-

F442A mature adipocytes

3T3-F442A mature adipocytes were treated with the indicated concentrations of the selective-

GR agonist dexamethasone (Dex) in the presence or absence of the antagonist RU-486 (RU) 

during 16 hours. A: Relative gene expression of Fkbp5, Vegfa and Hif-1α was determined in 

response to different doses of Dex, with or without 100 M RU-486 (n = 3-8 experiments). 
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B-D: 3T3-F442A mature adipocytes were placed under normoxic or hypoxic condition, in the 

presence or absence of 100 nM Dex during 16 hours. (B) Slc2a1, Vegfa and Hif-1α relative gene 

expression was measured by RT-qPCR (n = 4 experiments). (C) Representative Western blot 

and quantification of HIF-1α protein (n = 6 experiments). (D) ChIP analysis of HIF-1α binding 

onto Vegfa promoter. Immunoprecipitation (IP) was conducted with HIF-1α antibody. The 

DNA region of the Vegfa promoter was amplified by qPCR (n = 3 experiments). 

Data are presented as the mean +/- SEM. Each data point represents one experiment performed 

in triplicate except in panel D where each data point represents one experiment. *P<0.05, 

**P<0.01 and ***P<0.001, as determined by Kruskal-Wallis test and one-way ANOVA, 

followed by the Bonferroni post-hoc test to compare means.

Figure 3. AdipoGR-KO mice exhibit an increased AT vascularization under CORT 

treatment

Control (Ctrl) and AdipoGR-KO mice were analyzed after a 4-week exposure to VEH or 

CORT. A: Flow cytometry analysis of endothelial cells was performed on the stromal vascular 

fraction (SVF) isolated from subcutaneous adipose tissue (SCAT) and gonadal adipose tissue 

(GAT) of VEH- and CORT-treated animals. Number of CD31+/CD45- endothelial cells in 

SCAT and GAT was determined per mg of AT (n = 6-16/group). B: Representative pictures of 

CD31 labeling (pointed by arrows, left panel) on SCAT and GAT sections from CORT-treated 

Ctrl and AdipoGR-KO mice and quantification (right panel) of CD31 intensity (ROI) per 

adipocyte (n = 4-8/group). C: Representative perspective 3D projection image of the 

vasculature in SCAT and GAT of treated mice. Fluorescent (Tomato) lectin was used as a 

marker of blood vessels in cleared AT. D: Quantification of vasculature as percent of vessel 

volume per AT volume (n = 2-3/group). 
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Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05 and 

**P<0.01, as determined by a student’s t test, Kruskal-Wallis test and one-way ANOVA, 

followed by the Bonferroni post-hoc test to compare means.

Figure 4. Aflibercept prevents adipose tissue angiogenesis and expansion in CORT-

treated AdipoGR-KO mice

Control (Ctrl) and AdipoGR-KO mice were treated with CORT alone or in combination with 

the soluble decoy receptor, Aflibercept (AFLI) or the diluent (PBS) during 4 weeks. A: Relative 

gene expression of Esm1 was determined by RT-qPCR in subcutaneous adipose tissue (SCAT) 

and gonadal adipose tissue (GAT) of Ctrl and AdipoGR-KO mice (n = 10-12/group). B: Flow 

cytometry analysis of endothelial cells was performed on the stromal vascular fraction (SVF) 

isolated from SCAT and GAT of CORT-treated mice. Number of CD31+/CD45- endothelial 

cells in SCAT and GAT was determined per mg of AT (n = 6-16/group). Of note, flow 

cytometry on AFLI groups were performed simultaneously with the groups presented in Fig. 

3A. C: Body weight gain is presented after 4 weeks of treatment (n = 12-18/group). D: Fat body 

composition was determined by DEXA analyzer (n = 6-12/group). E-F: Subcutaneous adipose 

tissue (SCAT) and gonadal adipose tissue (GAT) weights are presented as the percentage of 

total body weight of Ctrl and AdipoGR-KO mice (n = 13-16/group). 

Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05, 

**P<0.01 and ***P<0.001, as determined by Kruskal-Wallis test and one-way ANOVA, 

followed by the Bonferroni post-hoc test to compare means. 

See also Supplementary Fig. 2.

Figure 5. Blocking VEGFA impairs insulin sensitivity in CORT-treated AdipoGR-KO 

mice  
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Control (Ctrl) and AdipoGR-KO mice were treated with CORT in combination with the soluble 

decoy receptor, Aflibercept (AFLI) or its diluent (PBS) during 4 weeks. A: Insulin tolerance 

test (ITT) was performed on Ctrl and AdipoGR-KO mice fasted for 5 h (n = 10-20/group). 

Glucose levels were determined at indicated times (left panel) and the area of the curve was 

determined (AOC, right panel) for each ITT. B-E: Insulin pulses were performed in Ctrl and 

AdipoGR-KO mice. Quantification of insulin-stimulated phosphorylation of (P-)Akt to total 

Akt in (B) subcutaneous adipose tissue (SCAT), (C) gonadal adipose tissue (GAT), and (D) 

liver (n = 3-6/group). (E) Representative cropped Western blots are presented. F: 

Representative hematoxylin and eosin staining of liver sections of Ctrl and AdipoGR-KO mice. 

G: Liver triglyceride (TG) content were analyzed (n = 8-10/group). 

Data are presented as the mean +/- SEM. *P<0.05, and ***P<0.001, as determined by Kruskal-

Wallis test and one-way ANOVA, followed by the Bonferroni post-hoc test to compare means.

Figure 6. Higher human VEGFA expression in SCAT is associated with healthier 

metabolic profile 

(A) Spearman correlation heatmap indicates correlation between VEGFA expression in the 

SCAT of patients with Cushing’s syndrome (LIPOCUSH cohort) and their clinical, 

anthropometric and molecular traits. Intensities of blue and red colors indicate values of 

positive and negative correlation coefficients, respectively Rho correlations and P values are 

detailed in the figure and in the Supplementary Table 5. *P<0.05, **P<0.01 and ***P<0.001.

(B-G) Twenty patients with Cushing’s syndrome were divided into two subgroups according to 

their lowest and highest levels of VEGFA expression in SCAT, based on the stratified median 

of VEGFA gene expression. The two subgroups (low and high VEGFA expression) were 

compared to each other in term of gene expression of (B) VEGFA, (C) NR3C1 and HSD11B1, 

(D) early (C/EBPB, C/EBPD), and (E) late (C/EBPA and PPARG) adipogenic transcription 
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factors, (F) lipogenic markers (SREBF1 and FASN) and (G) adipokines (LEP and ADIPOQ), 

(n = 10 patients/group). 

Each data point represents one patient. Data are presented as the mean +/- SEM. *P<0.05, 

**P<0.01 and ***P<0.001, as determined by Student’s t Welch and Mann-Whitney test to 

compare means.

See also Supplementary Tables 3 and 4.
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Figure 1. Adipocyte-specific Gr deficiency prevents CORT-down-regulation of adipose Vegfa and Hif-1α 
expression and promotes a healthy adipose tissue expansion 

Control (Ctrl) and AdipoGR-KO mice were exposed to VEH or corticosterone (CORT) during 4 weeks. A, B: 
Relative gene expression of Vegfa and Hif-1α was determined by RT-qPCR (A) in total subcutaneous (SCAT) 

and gonadal adipose tissue (GAT) extracts (n = 10-12/group) and (B) in the adipocyte fraction (n = 8-
14/group). C: VEGFA protein concentration was measured in total extracts of SCAT and GAT of VEH- and 
CORT-treated Ctrl and AdipoGR-KO mice (n = 5-6/group). D: Weight of SCAT and GAT was reported as a 

percent of body weight for each mouse (n = 10-12/group). E: Insulin tolerance test (ITT) was performed on 
mice fasted for 5 hours before insulin intraperitoneal injection (1 IU/kg) (n = 10-11/group). Glucose levels 
were determined at indicated times (left panel) and areas of the curve were determined (AOC, right panel) 

for each ITT. 
Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05, **P<0.01 and 

***P<0.001, as determined by Kruskal-Wallis test and one-way ANOVA, followed by the Bonferroni post-hoc 
test to compare means. 
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See also Supplementary Fig. 1 and 2. 
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Figure 2. The GR agonist dexamethasone inhibits Vegfa and Hif-1α expression in 3T3-F442A mature 
adipocytes 

3T3-F442A mature adipocytes were treated with the indicated concentrations of the selective-GR agonist 
dexamethasone (Dex) in the presence or absence of the antagonist RU-486 (RU) during 16 hours. A: 

Relative gene expression of Fkbp5, Vegfa and Hif-1α was determined in response to different doses of Dex, 
with or without 100 M RU-486 (n = 3-8 experiments). 

B-D: 3T3-F442A mature adipocytes were placed under normoxic or hypoxic condition, in the presence or 
absence of 100 nM Dex during 16 hours. (B) Slc2a1, Vegfa and Hif-1α relative gene expression was 

measured by RT-qPCR (n = 4 experiments). (C) Representative Western blot and quantification of HIF-1α 
protein (n = 6 experiments). (D) ChIP analysis of HIF-1α binding onto Vegfa promoter. Immunoprecipitation 
(IP) was conducted with HIF-1α antibody. The DNA region of the Vegfa promoter was amplified by qPCR (n 

= 3 experiments). 
Data are presented as the mean +/- SEM. Each data point represents one experiment performed in triplicate 
except in panel D where each data point represents one experiment. *P<0.05, **P<0.01 and ***P<0.001, 
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as determined by Kruskal-Wallis test and one-way ANOVA, followed by the Bonferroni post-hoc test to 
compare means. 
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Figure 3. AdipoGR-KO mice exhibit an increased AT vascularization under CORT treatment 
Control (Ctrl) and AdipoGR-KO mice were analyzed after a 4-week exposure to VEH or CORT. A: Flow 

cytometry analysis of endothelial cells was performed on the stromal vascular fraction (SVF) isolated from 
subcutaneous adipose tissue (SCAT) and gonadal adipose tissue (GAT) of VEH- and CORT-treated animals. 

Number of CD31+/CD45- endothelial cells in SCAT and GAT was determined per mg of AT (n = 6-16/group). 
B: Representative pictures of CD31 labeling (pointed by arrows, left panel) on SCAT and GAT sections from 

CORT-treated Ctrl and AdipoGR-KO mice and quantification (right panel) of CD31 intensity (ROI) per 
adipocyte (n = 4-8/group). C: Representative perspective 3D projection image of the vasculature in SCAT 
and GAT of treated mice. Fluorescent (Tomato) lectin was used as a marker of blood vessels in cleared AT. 

D: Quantification of vasculature as percent of vessel volume per AT volume (n = 2-3/group). 
Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05 and **P<0.01, 
as determined by a student’s t test, Kruskal-Wallis test and one-way ANOVA, followed by the Bonferroni 

post-hoc test to compare means. 
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Figure 4. Aflibercept prevents adipose tissue angiogenesis and expansion in CORT-treated AdipoGR-KO mice 
Control (Ctrl) and AdipoGR-KO mice were treated with CORT alone or in combination with the soluble decoy 
receptor, Aflibercept (AFLI) or the diluent (PBS) during 4 weeks. A: Relative gene expression of Esm1 was 

determined by RT-qPCR in subcutaneous adipose tissue (SCAT) and gonadal adipose tissue (GAT) of Ctrl and 
AdipoGR-KO mice (n = 10-12/group). B: Flow cytometry analysis of endothelial cells was performed on the 

stromal vascular fraction (SVF) isolated from SCAT and GAT of CORT-treated mice. Number of 
CD31+/CD45- endothelial cells in SCAT and GAT was determined per mg of AT (n = 6-16/group). Of note, 

flow cytometry on AFLI groups were performed simultaneously with the groups presented in Fig. 3A. C: 
Body weight gain is presented after 4 weeks of treatment (n = 12-18/group). D: Fat body composition was 

determined by DEXA analyzer (n = 6-12/group). E-F: Subcutaneous adipose tissue (SCAT) and gonadal 
adipose tissue (GAT) weights are presented as the percentage of total body weight of Ctrl and AdipoGR-KO 

mice (n = 13-16/group). 
Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05, **P<0.01 and 

***P<0.001, as determined by Kruskal-Wallis test and one-way ANOVA, followed by the Bonferroni post-hoc 
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test to compare means. 
See also Supplementary Fig. 2. 
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Figure 5. Blocking VEGFA impairs insulin sensitivity in CORT-treated AdipoGR-KO mice   
Control (Ctrl) and AdipoGR-KO mice were treated with CORT in combination with the soluble decoy receptor, 
Aflibercept (AFLI) or its diluent (PBS) during 4 weeks. A: Insulin tolerance test (ITT) was performed on Ctrl 
and AdipoGR-KO mice fasted for 5 h (n = 10-20/group). Glucose levels were determined at indicated times 
(left panel) and the area of the curve was determined (AOC, right panel) for each ITT. B-E: Insulin pulses 

were performed in Ctrl and AdipoGR-KO mice. Quantification of insulin-stimulated phosphorylation of (P-)Akt 
to total Akt in (B) subcutaneous adipose tissue (SCAT), (C) gonadal adipose tissue (GAT), and (D) liver (n = 

3-6/group). (E) Representative cropped Western blots are presented. F: Representative hematoxylin and 
eosin staining of liver sections of Ctrl and AdipoGR-KO mice. G: Liver triglyceride (TG) content were 

analyzed (n = 8-10/group). 
Data are presented as the mean +/- SEM. *P<0.05, and ***P<0.001, as determined by Kruskal-Wallis test 

and one-way ANOVA, followed by the Bonferroni post-hoc test to compare means. 
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Figure 6. Higher human VEGFA expression in SCAT is associated with healthier metabolic profile 
(A) Spearman correlation heatmap indicates correlation between VEGFA expression in the SCAT of patients 

with Cushing’s syndrome (LIPOCUSH cohort) and their clinical, anthropometric and molecular traits. 
Intensities of blue and red colors indicate values of positive and negative correlation coefficients, 

respectively Rho correlations and P values are detailed in the figure and in the Supplementary Table 5. 
*P<0.05, **P<0.01 and ***P<0.001. 

(B-G) Twenty patients with Cushing’s syndrome were divided into two subgroups according to their lowest 
and highest levels of VEGFA expression in SCAT, based on the stratified median of VEGFA gene expression. 

The two subgroups (low and high VEGFA expression) were compared to each other in term of gene 
expression of (B) VEGFA, (C) NR3C1 and HSD11B1, (D) early (C/EBPB, C/EBPD), and (E) late (C/EBPA and 
PPARG) adipogenic transcription factors, (F) lipogenic markers (SREBF1 and FASN) and (G) adipokines (LEP 

and ADIPOQ), (n = 10 patients/group). 
Each data point represents one patient. Data are presented as the mean +/- SEM. *P<0.05, **P<0.01 and 

***P<0.001, as determined by Student’s t Welch and Mann-Whitney test to compare means. 
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See also Supplementary Tables 3 and 4. 
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Supplemental Methods 
 
Animals and treatments  

All animals were housed with a 12 h light/dark cycle and had free access to water and standard 

chow diet (LASQCdiet® Rod16-R, LASvendi, Soest, Germany). Cre recombinase was 

activated in 10-week-old male mice by intraperitoneal injection of tamoxifen (60 mg/g/day) 

(MP Biomedicals, Illkirch-Graffenstaden, France) for 5 consecutive days. Fourteen-week-old 

AdipoGR-KO and GR-Flox control littermate (hereafter defined as Ctrl) mice were treated for 

4 days or 4 weeks with corticosterone (CORT, 100 µg/mL) (Sigma-Aldrich, St. Louis, MO) or 

vehicle (VEH) (1% ethanol) added to drinking water (1). For the VEGFA blockade experiment, 

the soluble decoy receptor Aflibercept (AFLI, 4 mg/kg; Sanofi, Gentilly, France) or diluent 

(PBS) was injected intraperitoneally twice a week throughout the CORT or VEH treatment for 

4 weeks. At sacrifice, tissues were snap-frozen in liquid nitrogen, and kept at -80°C. Blood was 

drawn by intracardiac puncture with heparin-moistened syringes. Plasma was obtained after 

centrifugation at 5,000 x g for 10 min at 4°C.  

Body mass composition was measured using an EchoMRI 100 Whole Body Composition 

Analyzer (EchoMRI, Houston, TX) according to the manufacturer's instructions. 

 

Cell culture 

3T3-F442A preadipocytes were maintained in DMEM high glucose (ThermoFisher Scientific, 

Montigny-le-Bretonneux, France) with penicillin (100 U/mL) and streptomycin (100 µg/mL) 

(Sigma–Aldrich, Saint Quentin Fallavier; France) supplemented with 10% bovine calf serum 

(Dutscher, Issy-les-Moulineaux, France) at 37°C in a 5% CO2 humidified atmosphere. 

Differentiation was induced in DMEM supplemented with 10% fetal calf serum (Dutscher) and 

1 µM of bovine insulin (Sigma-Aldrich) renewed every other day until total differentiation (day 
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10). The day before the experiment, mature adipocytes were starved in DMEM with 0.1 % BSA 

(bovine serum albumin, Sigma-Aldrich) during 24 h before dexamethasone treatment.  

 

RNA extraction and RT-qPCR analysis 

Total RNA from human and murine tissues and adipocyte / SVF fractions were purified by 

Qiazol extraction and purification using Qiagen RNeasy minicolumns according to the 

manufacturer’s instructions (Qiagen, Courtaboeuf, France). 3T3-F442A adipocytes were 

directly lyzed in RLT buffer of Qiagen RNeasy minicolumns kit as recommended by 

manufacturer (Qiagen). One µg of total RNA was reverse-transcribed using the High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). cDNA was 

amplified using specific primers and the SYBR Green PCR Master mix (Applied Biosystems) 

according to manufacturer’s instructions, using a QuantStudio1 system (ThermoFisher 

Scientific, Montigny-le-Bretonneux, France). Relative gene expression was determined as 

arbitrary unit as the ratio of target transcripts to reference genes, Acidic ribosomal 

phosphoprotein P0/ Ribosomal protein lateral stalk subunit P0 (36B4/Rplp0) and 

Hypoxanthine-guanine phosphoribosyltransferase (Hprt) in murine samples and, RPLP0, 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and Peptidylpropyl Isomerase A 

(PPIA) in human samples. All primer sequences are available in the Supplementary Table 2.  

 

Protein extraction and analysis 

Cultured cells, mouse liver and AT were solubilized as previously described (1). Equal protein 

amounts (20 µg) were separated by SDS-PAGE, transferred onto nitrocellulose membrane and 

immunodetected with antibodies (Supplementary Table 1). a-tubulin was used to normalize 

expression. The immunoreactive bands were revealed using the ECL detection kit (Pierce ECL 

Western Blotting substrate, Rockford, IL, USA) and analyzed using an iBright system 

Page 47 of 52

For Peer Review Only

Diabetes



(ThermoFisher, Montigny-le-Bretonneux, France). Ratio P-Akt/total-Akt was quantified using 

an ImageJ software (Chemi Genius2 scan, GeneSnap; Syngene, Cambridge, UK). VEGFA 

protein content was measured on adipose tissue extracts with the Quantikine ELISA mouse 

VEGF kit (R&D systems, Lille, France). 

 

Chromatin Immunoprecipitation (ChIP) 

Mature 3T3-F442A adipocytes treated with 100 nM dexamethasone under normoxic or hypoxic 

condition for 16 hours were homogenized using a mechanical disruption device (Lysing Matrix 

A, Fast Prep MP1, 3 × 40 sec, MP Biomedicals, Illkirch-Graffenstaden, France). Sonicated 

chromatin (15 µg) was isolated before chromatin immunoprecipitation and used as positive 

control for the PCR experiments (input) as previously described in (2). Twenty µg of sonicated 

chromatin were incubated with 1 µg of rabbit polyclonal anti-HIF-1a (ab1) antibody, or 10 µg 

of chicken anti-GFP antibody (a negative control), or 10 µg of rabbit polyclonal anti-histone 

H4 acetylated antibody (a positive control) for immunoprecipitation (Supplementary Table 1). 

The IP were performed using the ChIP assay kit (Upstate Biotechnology). The DNA was 

purified using the Nucleospin Gel and PCR Clean Up kit (Qiagen). ChIP products and inputs 

were then analyzed by quantitative SYBR-green real-time PCR, using primers described in the 

Supplementary Table 2. All cycle threshold (Ct) values were compared with the input amounts 

to normalize for variations and presented as fold-enrichment. 

 

AT clearing and 3D-fluorescence imaging 

After DyLight 649 labeled Lycopersicon Eculentum (Tomato) lectin staining,  SCAT and GAT 

were collected and fixed in 4% paraformaldehyde (PFA) (pH=7) overnight at 4°C 

(Supplementary Table 1) and as previously described (3). Briefly, AT were permeabilized, 

stained with Phalloidin-alexa488 and dehydrated in increasing bath of ethanol. AT were cleared 
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in methyl-salicylate for at least 2 hours and imaged in an imaging chamber filled with methyl-

salicylate using a Nikon A1R-confocal microscope equipped with a 20x long distance objective 

(C3M imaging facility, Nice, France). 3D stacks were acquired and a pipeline of image post-

processing was applied using “bleach correction” and “Gaussian blur” imageJ plugins. 3D 

images were loaded in IMARIS software. Adipocytes were segmented by using phalloidin 

staining, vessels were segmented by using lectin staining, and the whole tissue volume were 

segmented using phalloidin staining. The volume of the vessels and of the whole tissue was 

obtained using IMARIS statistics. When noticed, these values were reported to the whole tissue 

volume estimated at sacrifice. Analysis and 3D Volume rendering movies were generated with 

IMARIS software.  

 

Patients with Cushing’s syndrome 

Patients underwent unilateral adrenalectomy allowing, at the same time, biopsies of SCAT. 

Between 2010 and 2015, twenty patients were recruited by the Endocrinology Departments of 

the University Hospital centers of Saint-Antoine, Cochin, Pitié Salpêtrière (Paris), Bicêtre 

(Kremlin-Bicêtre), Henri Mondor (Créteil) and Haut-Lévêque (Bordeaux). Dual energy X-ray 

absorptiometry (DEXA) was performed to evaluate lean and fat mass body compositions at 

trunk, lower and upper limbs. Collection of clinical data and blood samples (5 mL) were carried 

out under appropriate conditions. Approximately 200 mg of SCAT was collected for each 

patient and stored in liquid nitrogen. SCAT and other metabolic parameters were compared 

between two subgroups of Cushing patients, determined according to the value of VEGFA 

expression, giving a "low VEGFA expressing" group and a "high VEGFA expressing" group. 

The clinical, biological and anthropometric data of Cushing patients are reported in 

Supplementary Tables 3 and 4. 
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Study approval 

All experiments were carried out according to the European Communities Council Directive 

(2010/63/UE) for the care and use of animals for experimental procedures and complied with 

the regulations of the French Ethics Committee in Animal Experiment « Charles Darwin » (Ile-

de-France, Paris, n°5). All procedures were approved by this committee (n° #4625-

2016032111413252v2 and 18442-201901141010547v1). For the human study, the LIPOCUSH 

cohort, whose National Clinical Trial (NCT) number is NCT01688349, was funded by an AP-

HP Clinical Research Contract, and required the consent of all patients prior to participation. 
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Supplementary Table 1: List of antibodies 
 

Experiment Antibodies Reference Company Dilution or 
concentration 

IHC 

Monoclonal anti-CD31  # sc-53411 Santa Cruz Biotechnology, 
Germany 1:50 

Secondary antibody 
biotinylated # RPN 1001 Amersham, Les Ulis, France 1:5000 

Streptavidine-HRP # 016-030-
084 

Jackson Immuno 
Research, Cambridgeshire, 

UK 
1:100 

FACS 

Alexa-Fluor® 488 anti-
mouse CD45  #160306 BioLegend, London, UK 1.25 µg/µl 

Alexa-Fluor® 488 rat 
IgG2a, k isotype control  #400525 BioLegend, London, UK 1.25 µg/µl 

Brilliant VioletTM 421 
anti-mouse CD31  #102424 BioLegend, London, UK 1.25 µg/µl 

Brilliant VioletTM 421 rat 
IgG2a, k isotype control  #400549 BioLegend, London, UK 1.25 µg/µl 

3D fluorescence 
imaging 

DyLight 649 Lycopersicon 
Esculentum Lectin #DL-1178-1 Vector Laboratories 

Burlingame, USA 2 µg/µl 

WB 

Rabbit polyclonal anti-
Phospho-Akt (Ser 473)  # 9271L Cell Signaling Technology, 

Danvers, MA, USA 1:1000 

Rabbit polyclonal anti-Akt  # 9272S Cell Signaling Technology, 
Danvers, MA, USA 1:1000 

Rabbit polyclonal anti-
HIF-1a  # NB100-449 Bio-Techne Ltd., Abingdon, 

UK 1:500 

Monoclonal anti a-tubulin  #T5168 Sigma-Aldrich, Saint 
Quentin Fallavier; France 1:10,000 

Anti-rabbit IgG HRP-
linked  #7074S Cell Signaling Technology, 

Danvers, MA, USA 1:5000 

Anti-mouse IgG HRP-
linked  #7076S Cell Signaling Technology, 

Danvers, MA, USA 1:5000 

ChIP 

Rabbit polyclonal anti-
HIF-1a  # NB100-449 Bio-Techne Ltd., Abingdon, 

UK 1:200 

Chicken polyclonal anti-
GFP  # GFP 1020 Interchim, Montluçon 

France 1:1000 

Rabbit polyclonal anti-
Histone H4a  # 06-866 Sigma-Aldrich, France 1:100 
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Supplementary Table 2: List of murine and human primers for RT-qPCR and ChIP analysis 
 

Gene Forward primers Reverse primers 

Mouse 36b4 5’-GCTGATGGGCAAGAACACCA-3’ 5’-CCCAAAGCCTGGAAGAAGGA-3’ 

Mouse Hprt 5’-AGGACCTCTCGAAGTGT-3’ 5’-TCAAATCCCTGAAGTACTCAT-3’ 

Mouse Gr 5’-GGGCGCCAAGTGATTGCCGCAGT-3’ 5’-CCAACCCAGGGCAAATGCCATGA-3’ 

Mouse Fkbp5 5’-TGTTCAAGAAGTTCGCAGAGC-3’ 5’-CCTTCTTGCTCCCAGCTTT-3’ 

Mouse Vegfa 5’-AAAAACGAAAGCGCAAGAAA-3’ 5’-TTTCTCCGCTCTGAACAAAGG-3’ 

Mouse Hif-1a 5’-GCACTAGACAAAGTTCACCTGAGA-3’ 5’-CGCTATCCACATCAAAGCAA-3’ 

Mouse Slc2a1 5’-CCACAGTGAAGGCCGTGTT-3’ 5’-GGTATCAATGCTGTGTTCTACTACTACA-3’ 

Mouse Esm1 5’-CAGTATGCAGCAGCCAAATC-3’ 5’-GATGCTGAGTCACGCTCTGT-3’ 

HRE-containing murine 
Vegfa promoter 5’-CGAGGGTTGGCGGCAGGAC-3’ 5’-CAGTGGCGGGGAGTGAGACG-3’ 

Human RPLP0 5’-GGCGACCTGGAAGTCCAACT-3’ 5’-CCATCAGCACCACAGCCTTC-3’ 

Human GAPDH 5’-AGCCACATCGCTCAGACAC-3’ 5’-GCCCAATACGACCAAATCC-3’ 

Human PPIA 5’-ATGCTGGACCCAACACAAAT-3’ 5’-TCTTTCACTTTGCCAAACACC-3’ 

Human VEGFA 5’-TGCCGCCACACCATCAC-3’ 5’-GTCTCGCCCTCCGGACCCAA-3’ 

Human NR3C1 5’-CCTTCTGCGTTCACAAGCTA-3’ 5’-TTCTTTGGAGTCCATCAGTGAAT-3’ 

Human HSD1B11 5’-TCTGTGTTCTTGGCCTCATAGA-3’ 5’-GAGCTGCTTGCATATGGACTATC-3’ 

Human C/EBPB 5’-TGCTTGAACAAGTTGGGCAG-3’ 5’-GCGCGAGCGCAACAACA-3’ 

Human C/EBPD 5’-GGACATAGGAGCGCAAAGAA -3’ 5’-GCTTCTCTCGCAGTTTAGTGG-3’ 

Human C/EBPA 5’-GACATCAGCGCCTACATCG-3’ 5’-GGCTGTGCTGGAACAGGT-3’ 

Human PPARG 5’-CTCATATCCGAGGGCCAA-3’ 5’-TGCCAAGTCGCTGTCATC-3’ 

Human SREBF1C 5’-GGAGGGGTAGGCCAACGGCCT-3’ 5’-CATGTCTTCGAAAGTGCAATCC-3’ 

Human FASN 5’-CAGGCACACACGATGGAC-3’ 5’-CGGAGTGAATCTGGGTTGAT-3’ 

Human Leptin 5’-TTGTCACCAGGATCAATGACA-3’ 5’-GTCCAAACCGGTGACTTTCT-3’ 

Human Adiponectin 5’-GGTGAGAAGGGTGAGAAAGGA-3’ 5’-TTTCACCGATGTCTCCCTTAG-3’ 
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Supplementary Table 3. Relationship between VEGFA gene expression and clinical and 
biological parameters of patients with Cushing’s syndrome 
Twenty patients with a Cushing’s syndrome related to a cortisolic adenoma (LIPOCUSH 
cohort) were divided in two subgroups according to their lowest and highest levels of VEGFA 
expression in SCAT, based on the stratified median of VEGFA gene expression (10 per group, 
unless indicated). Data are presented as the mean +/- SD. *P<0.05, as determined by Student’s 
t Welch and Mann-Whitney tests to compare means. (HOMA-IR: homeostasic model 
assessment of insulin resistance, HbA1c: glycated hemoglobin A1c, TG: triglycerides, FFA: 
free fatty acids) 
 

Biological 
parameters 

All patients with 
Cushing’s syndrome 

Patients with the lowest 
VEGFA expression 

in SCAT 

Patients with the highest 
VEGFA expression 

in SCAT 
P-value 

Total number 20 10 10 - 

Gender (M/F) 2/18 1/9 1/9 - 

Age (years) 
(n=20) 46.4 + 14.2 50.3 + 12.2 42.5 + 15.5 P=0.228 

Midnight cortisol 
levels (µg/dL) 

(n=15) 
19 + 12.7 19.9 + 17.4 18.2 + 7.8 P=0.444 

Serum cortisol 
levels after 1 mg 

Dex (µg/dL) 
(n=15) 

18 + 11 15.7 + 12.2 20.7 + 9.5 P=0.394 

Free urinary 
Cortisol 

(nmol/24h) 
(n=18) 

423.7 + 442 293.1 + 261.2 587 + 576 P=0.360 

HOMA-IR 
(n=15) 3.1 + 4.3 5.3 + 5.9 1.3 + 0.8 P=0.029* 

HbA1c (%) 
(n=16) 

6.5 + 1.5 7.1 + 1.7 5.7 + 0.6 P=0.037* 

TG (mmol/L) 
(n=14) 

2.2 + 2.0 2.1 + 1.5 2.4 + 2.6 P=0.950 

FFA (mmol/L) 
(n=20) 0.62 + 0.20 0.64 + 0.23 0.62 + 0.19 P=0.837 
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Supplementary Table 4. Relationship between VEGFA gene expression and 
anthropometric parameters of patients with Cushing’s syndrome 
Eleven patients of the LIPOCUSH cohort underwent DEXA analysis to determine body fat 
repartition. We divided them into two subgroups according to their lowest (n = 4) and highest 
(n = 7) levels of VEGFA expression as in Supplementary Table 3. Data are presented as the 
mean +/- SD. *P<0.05, as determined by Student’s t Welch and Mann-Whitney tests to compare 
means. 
 
 

Anthropometric 
parameters 

All patients with 
Cushing’s syndrome 

Patients with the lowest 
VEGFA expression 

in SCAT 

Patients with the highest 
VEGFA expression 

in SCAT 
P-value 

BMI (kg/m2) 30.0 + 7.7 36.2 + 9.3 26.4 + 3.9 P=0.123 

Total fat mass (kg) 38.9 + 15.4 44.1 + 17.5 36.0 + 15.0 P=0.465 

Total fat mass 
(% of total body mass) 

43.4 + 9.2 42.4 + 11.9 43.9 + 8.4 P=0.827 

Upper limb fat mass 
(% of upper limb mass) 23.7 + 16.4 12.7 + 4.6 29.9 + 17.6 P=0.043* 

Lower limb fat mass 
(% of lower limb mass) 36.2 + 12.7 26.7 + 5 41.6 + 12.8 P=0.021* 

Trunk fat mass 
(% of trunk mass) 

48.9 + 9.9 50.7 + 13.3 47.9 + 8.4 P=0.726 
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Supplementary Table 5. Correlation between VEGFA expression and clinical, 
anthropometric and molecular traits of patients with Cushing’s syndrome 
Correlations (Spearman’s test) were performed between VEGFA expression and clinical, 
anthropometric parameters (n=11-15), and adipocyte-related gene expression in SCAT 
(determined by RT-PCR; n=20) from patients with Cushing’s syndrome (LIPOCUSH cohort). 
(HOMA-IR: homeostasic model assessment of insulin resistance, BMI: body mass index). 
 
 

  VEGFA 

  r P 

Clinical parameter HOMA-IR -0.494 0.054 

Anthropometric parameters 

BMI -0.527 0.017 

Trunk fat mass -0.409 0.214 

Upper limb fat mass 0.715 0.016 

Lower limb fat mass 0.691 0.023 

GC signaling pathway markers 
NR3C1 0.777 5.49E-05 

HSB11B1 -0.451 0.046 

Adipogenic markers 

C/EBPB 0.580 0.007 

C/EBPD 0.683 0.001 

PPARG 0.571 0.008 

C/EBPA 0.517 0.020 

Lipogenic markers 
SREBF1 0.624 0.003 

FASN 0.792 3.10E-05 

Adipokine ADIPOQ 0.785 4.15E-05 
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Supplementary Figure 1. Expression of Vegfa and Hif-1a in adipocyte-specific Gr-deficient mice treated
with VEH or CORT. Related to Fig. 1.

Control (Ctrl) and AdipoGR-KO mice were analyzed after 4 weeks of exposure with VEH or CORT. A:

Relative gene expression was determined by RT-qPCR for Vegfa and Hif-1α mRNA content in the stromal

vascular fraction (n = 6-10/group) isolated from SCAT and GAT. B: VEGFA protein concentration was

measured in plasma samples of VEH- and CORT-treated Ctrl and AdipoGR-KO mice (n = 5-9/group). C:

Vegfa and Hif-1α mRNA expression was determined by RT-qPCR in the liver and muscle of mice (n = 3-

6/group). Data are presented as the mean +/- SEM. Each data point represents one animal. *P<0.05,

**P<0.01, as determined by one-way ANOVA, followed by the Bonferroni post-hoc test to compare

means.
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Supplementary Figure 2. AdipoGR-KO mice display an enhanced body weight and expression of Vegfa
and Hif-1α from 4 days of CORT treatment. Related to Fig. 1
Control (Ctrl) and AdipoGR-KO mice were analyzed at day 4 (D4) of VEH or CORT treatment. A:
Subcutaneous adipose tissue (SCAT) and gonadal adipose tissue (GAT) weights are presented as the

percentage of total body weight of Ctrl and AdipoGR-KO mice (n = 11-12/group). B: Relative gene
expression of Vegfa and Hif-1α was determined by RT-qPCR in SCAT and GAT (n = 5-6/group). Data are
presented as the mean +/- SEM. Each data point represents one animal. *P<0.05, **P<0.01 and
***P<0.001, as determined by one-way ANOVA, followed by the Bonferroni post-hoc test to compare
means.
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Supplementary Figure 3. Effect of Aflibercept treatment on VEH- and CORT-treated control mice.
Related to Fig. 4.

Control (Ctrl) mice were treated with VEH or CORT alone, or in combination with the soluble decoy

receptor, Aflibercept (AFLI) or the vehicle solution (PBS) during 4 weeks. A: Body weight gain is

presented after 4 weeks of treatment (n = 6-17/group). B: Fat body composition was determined by

DEXA analyzer (n = 6-12/group). C: SCAT and GAT weights are presented as the percentage of total body

weight of Ctrl mice (n = 5-18/group). Data are presented as the mean +/- SEM. Each data point

represents one animal. *P<0.05 and ***P<0.001 as determined by one-way ANOVA, followed by the

Bonferroni post-hoc test to compare means.
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Supplemental Movies 

Supplementary Movie 1. SCAT vascular network of VEH-treated control mice 

Supplementary Movie 2. SCAT vascular network of VEH-treated AdipoGR-KO mice 

Supplementary Movie 3. SCAT vascular network of CORT-treated control mice 

Supplementary Movie 4. SCAT vascular network of CORT-treated AdipoGR-KO mice 

Supplementary Movie 5. GAT vascular network of VEH-treated control mice 

Supplementary Movie 6. GAT vascular network of VEH-treated AdipoGR-KO mice 

Supplementary Movie 7. GAT vascular network of CORT-treated control mice 

Supplementary Movie 8. GAT vascular network of CORT-treated AdipoGR-KO mice 
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