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GSK3β Deficiency Expands Obese Adipose 
Vasculature to Mitigate Metabolic Disorders
Li Wang, Jiajia Li, Ping Tang, Dongliang Zhu , Lixin Tai, Yuan Wang, Tsukiko Miyata , James R. Woodgett , Li-jun Di

BACKGROUND: Maintaining a well-developed vascular system alongside adipose tissue (AT) expansion significantly reduces the 
risk of metabolic complications. Although GSK3β (glycogen synthase kinase-3 beta) is known for its role in various cellular 
processes, its specific functions in AT and regulation of body homeostasis have not been reported.

METHODS: GSK3β-floxed and GSK3α-floxed mice were crossed with adiponectin-Cre mice to generate GSK3β or GSK3α 
adipocyte-specific knockout mice (GSK3βADKO and GSK3αADKO). A comprehensive whole-body metabolism analysis was 
performed on obese GSK3βADKO mice induced by a high-fat diet. RNA sequencing was conducted on AT of both obese 
GSK3βADKO and GSK3αADKO mice. Various analyses, including vessel perfusion studies, lipolysis analysis, multiplex protein 
assays, in vitro protein phosphorylation assays, and whole-mount histology staining, were performed on AT of obese 
GSK3βADKO mice. Tube-formation experiments were performed using 3B-11 endothelial cells cultured in the conditional 
medium of matured adipocytes under hypoxic conditions. Chromatin precipitation and immunofluorescence studies were 
conducted using cultured adipocytes with GSK3 inhibition.

RESULTS: Our findings provide the first evidence that adipocyte-specific knockout of GSK3β expands AT vascularization and 
mitigates obesity-related metabolic disorders. GSK3β deficiency, but not GSK3α, in adipocytes activates AMPK (AMP-
activated protein kinase), leading to increased phosphorylation and nuclear accumulation of HIF-2α, resulting in enhanced 
transcriptional regulation. Consequently, adipocytes increased VEGF (vascular endothelial growth factor) expression, which 
engages VEGFR2 on endothelial cells, promoting angiogenesis, expanding the vasculature, and improving vessel perfusion 
within obese AT. GSK3β deficiency promotes AT remodeling, shifting unhealthy adipocyte function toward a healthier 
state by increasing insulin-sensitizing hormone adiponectin and preserving healthy adipocyte function. These effects lead 
to reduced fibrosis, reactive oxygen species, and ER (endoplasmic reticulum) stress in obese AT and improve metabolic 
disorders associated with obesity.

CONCLUSIONS: Deletion of GSK3β in adipocytes activates the AMPK/HIF-2α/VEGF/VEGFR2 axis, promoting vasculature 
expansion within obese AT. This results in a significantly improved local microenvironment, reducing inflammation and 
effectively ameliorating metabolic disorders associated with obesity.
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Adipose tissue (AT) displays remarkable plasticity, 
undergoing rapid and dynamic expansion or con-
traction in response to changes in energy intake, 

thereby maintaining systemic energy metabolism bal-
ance.1 Sufficient and well-organized vascularization is 

critical for tissue expansion and proper physiological 
function. This vital process is accomplished through 
angiogenesis, which entails the formation of new blood 
vessels derived from preexisting ones.2–4 In obese AT, 
decoupling of angiogenesis and adipogenesis leads to 
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insufficient vascularity,2–5 which reduces blood flow to AT. 
Chronic obesity caused by uncontrolled tissue expansion 
triggers some pathological changes, including hypoxia, 
reactive oxygen species (ROS) production, endoplasmic 
reticulum stress, fibrosis, and adipocyte necrosis/apop-
tosis.6–11 These changes, especially hypoxia, play causal 
roles in AT dysfunction, the development of insulin resis-
tance, immune cell infiltration, and inflammation, which 
contribute to the development of metabolic disorders.12–14

The concurrent development of a well-established vas-
cular system with AT expansion significantly improves the 
local hypoxic condition, diminishes oxidative stress, miti-
gates inflammation, and consequently reduces the risk of 
insulin resistance and the onset of type 2 diabetes.12,13 
The beneficial effects of induced vascularization have 
been demonstrated in both early and late stages of meta-
bolic diseases.13,15,16 Therefore, vascularity is considered 
a rate-limiting step in maintaining internal homeostasis of 
AT in different physiological and pathological states.12,17

Previous studies have shown that AT regulates angio-
genesis and automatically induces vascular remodel-
ing. Adipocytes have been reported to secrete several 
angiogenic factors, such as adiponectin, leptin, hepa-
tocyte growth factor 1, angiopoietin, and VEGF (vascu-
lar endothelial growth factor). These factors act on the 

Nonstandard Abbreviations and Acronyms

AMPK AMP-activated protein kinase
AT adipose tissue
DEG differentially expressed gene
eWAT epididymal white adipose tissue
GSK3ß glycogen synthase kinase-3 beta
HFD high-fat diet
HIF-2α hypoxia-inducible factor 2-alpha
LPL lipoprotein lipase
OxPhos oxidative phosphorylation
PPARγ  peroxisome proliferator-activated  

receptor gamma
qRT-PCR  quantitative reverse transcription  

polymerase chain reaction
RNA-seq RNA sequencing
ROS reactive oxygen species
sWAT subcutaneous white adipose tissue
SVF stromal vascular fraction
UCP1 uncoupling protein 1
VEGF vascular endothelial growth factor
WAT white adipose tissue

Novelty and Significance

What Is Known?
• GSK3β (glycogen synthase kinase-3 beta) is important 

in many key cellular functions, and it plays a regula-
tory role in the activity of glycogen synthase in muscle, 
influencing insulin activity.

• GSK3β in the liver has shown no significant impact on 
insulin resistance and glucose metabolism.

• VEGF (vascular endothelial growth factor), predomi-
nantly secreted by adipocytes, regulates the vascu-
lature in adipose tissue and maintains adipose tissue 
homeostasis.

What New Information Does This Article  
Contribute?
• The deletion of GSK3β in adipocytes improves the 

microenvironment of obese adipose tissue and restores 
metabolic health associated with obesity by inducing 
the expansion of adipose vasculature.

• The deficiency of GSK3β in adipocytes affects adipo-
cyte size and promotes healthy expansion of subcuta-
neous adipose tissue.

• Deletion of GSK3β in adipocytes activates AMPK 
(AMP-activated protein kinase), promoting nuclear 
accumulation of HIF-2α (hypoxia-inducible factor 
2-alpha) and enhancing its transcriptional regulatory 
effect on VEGF, ultimately stimulating adipose tissue 
vascularization through VEGF/VEGFR2 signaling.

The precise role of GSK3β in adipose tissue and its 
effects on the tissue microenvironment and metabolic 
balance remain largely elusive. Our research unveils 
the novel GSK3β/AMPK/HIF-2α/VEGF/VEGFR2 
pathway in adipose tissue, demonstrating that GSK3β 
depletion in adipocytes triggers the AMPK/HIF-2α/
VEGF/VEGFR2 axis, mediating communication 
between adipocytes and endothelial cells and promot-
ing vasculature expansion in obese adipose tissue. 
This leads to a healthier local environment, marked 
by reduced hypoxia, fibrosis, and ER stress. Notably, 
GSK3β deficiency in adipocytes results in smaller adi-
pocytes and a beneficial expansion of subcutaneous 
white adipose tissue compared with epididymal white 
adipose tissue, leading to reduced adipose inflam-
mation and improved insulin sensitivity. Our study not 
only uncovers GSK3β’s role in adipose tissue but 
also highlights its function in mediating adipocyte- 
endothelial cell interactions in obese adipose tissue. 
This interplay exerts precise control over local vascu-
larity and improves the adipose tissue microenviron-
ment, highlighting a potential path for the restoration 
of metabolic health within the setting of obesity.
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vascular endothelial cells in AT to regulate angiogene-
sis.17–19 VEGF is responsible for the majority of angiogenic 
activity in AT.5,17 Adipocyte-secreted VEGF works through 
VEGFR2, one of the VEGF receptors, mainly expressed 
by vascular endothelial cells, to regulate angiogenesis in a 
paracrine manner.16,20 The level of VEGF has been found 
to decrease in the AT of obese humans.21,22 Inducing 
the release of VEGF by adipocytes activates the VEGF/
VEGFR signaling pathway and stimulates AT vascula-
ture to counteract obesity-associated metabolic disor-
ders.16,20,23,24 Therefore, effective communication between 
adipocytes and endothelial cells within AT is essential for 
maintaining a stable tissue microenvironment, which can 
have considerable impacts on metabolic complications.

GSK3 is a serine/threonine kinase that inhibits gly-
cogen synthase activity and has a wide range of biologi-
cal functions.25–28 Both GSK3α and GSK3β are widely 
expressed in all mammalian cells, and they participate 
in many metabolism- and glucose-homeostasis-related 
signaling pathways.29–31 Improved insulin resistance and 
increased glucose tolerance have been observed in mice 
with whole-body knockout of GSK3α. However, these 
effects are not attributed to the knockout of GSK3α in 
the liver or muscle, as liver- or muscle-specific GSK3α 
knockout animals do not elicit similar effects.32,33 Whole-
body GSK3β knockout in mice is lethal, and muscle- 
specific knockout in mice have shown that GSK3β mainly 
regulates glycogen synthase activity and insulin activity 
in muscles.34 In the liver, GSK3β has no significant effect 
on insulin resistance or glucose metabolism.29 It remains 
an open question how other tissue-specific functions of 
GSK3 isoforms play a role in regulating metabolism and 
insulin activity. Our recent study has demonstrated that 
the systemic, small-molecule-mediated inhibition of GSK3 
reduces obesity-related chronic inflammation through 
the regulation of macrophage subtypes in AT to improve 
insulin resistance.35 To date, no study has investigated the 
specific functions of GSK3 isoforms in AT or how GSK3 
affects the AT microenvironment and metabolic homeo-
stasis. GSK3 was proposed to be a promising therapeu-
tic target for various diseases, and some GSK3 inhibitors 
have been studied in clinical trials,36,37 but GSK3 inhibitors 
have yet to be applied in clinical settings. This is primarily 
attributable to the fact that most GSK3 inhibitors simulta-
neously inhibit both GSK3α and GSK3β isoforms, which 
may cause severe side effects. Recent studies have sug-
gested that, compared with nonselective inhibitors, GSK3-
isoform-selective inhibitors are more effective in the 
treatment of certain diseases, such as acute myeloid leu-
kemia and fragile X syndrome, with less side effects,38,39 
indicating that the development and optimization of GSK3-
selective inhibitors for treating related diseases may have 
broad prospects for clinical application. Therefore, it is crit-
ical to fully understand tissue-specific functions of GSK3 
isoforms. Here, we have explored the adipocyte-specific 
functions of GSK3β, most notably its biological and 

pathophysiological roles in high-fat diet (HFD)-induced 
obese AT. We observed reduced inflammation, improved 
insulin sensitivity, and a more favorable microenvironment 
in the AT of mice with adipocyte-specific GSK3β deletion. 
Mechanistically, we demonstrated that GSK3β deficiency 
increased AMPK (AMP-activated protein kinase) activity 
to stimulate HIF-2α (hypoxia-inducible factor 2-alpha) 
phosphorylation and nuclear accumulation, increasing the 
expression of its target gene, VEGF, in adipocytes. VEGF 
then binds to VEGFR2 expressed on endothelial cells 
to promote vascularization and increase perfusion of AT, 
thereby alleviating obesity-associated metabolic disorders.

METHODS
Data Availability
The authors declare that all data are accessible both within 
the article and in the accompanying Supplemental Material. A 
detailed description of the Methods and Materials can be found 
in the “Methods and Materials” section of the Supplemental 
Material. The Major Resources Table is also included in the 
Supplemental Material. Any additional supporting data from this 
study and the required analytical tools can be obtained from the 
corresponding author upon reasonable request.

RESULTS
Systemic Inhibition of GSK3 Results in 
Transcriptional Upregulation of Angiogenesis-
Associated Genes and Expanded Vascularity
We analyzed the RNA sequencing (RNA-seq) data 
obtained from epididymal white adipose tissue (eWAT) 
of obese mice treated with the highly potent and ATP-
competitive GSK3 inhibitor SB216763 (SB).35,40,41 To 
assess the impact of the treatment, we compared this 
data set with the RNA-seq data obtained from obese 
eWAT samples without or with SB treatment. Of the 
differentially expressed genes (DEGs) identified from 
obese+SB versus obese, 137 were upregulated and 
847 were downregulated (P<0.05, log2 FC>log2(2); 
Figure S1A). Angiogenesis-associated gene ontology 
terms were predominant among the upregulated DEGs 
in the eWAT of SB-treated obese mice compared with 
eWAT from obese control mice (Figure 1A). By analyz-
ing the genes upregulated by SB using gene set enrich-
ment analysis, the gene functions associated with the 
positive regulation of angiogenesis were among the top 
hits (Figure S1B). Angiogenesis marker genes, includ-
ing VEGF, VEGFb, Kdr (VEGFR2), and PECAM1 (CD31), 
were upregulated, as indicated by the heat map analy-
sis (Figure S1C), suggesting that GSK3 inhibition may 
stimulate angiogenesis in obese eWAT. The upregulated 
expression of the angiogenesis marker genes VEGF, 
VEGFb, and their receptors was validated using quan-
titative reverse transcription polymerase chain reaction 
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(RT-PCR; Figure 1B). Two other VEGF family members, 
PlGF (placental growth factor) and VEGFc, were unaf-
fected by GSK3 inhibition (Figure 1B). SB treatment ele-
vated VEGF and VEGFB protein levels in eWAT of obese 

mice (Figure 1C). VEGF protein increase in eWAT was 
validated by ELISA (Figure 1D). HFD reduced AT vas-
cular density, but GSK3 inhibition significantly increased 
it, as evidenced by enhanced CD31 staining (Figure 1E 

Figure 1. GSK3 (glycogen synthase kinase-3) inhibition stimulates vasculature expansion in adipose tissue of obese mice.
Male C57Bl/6J lean mice (LE) were fed a normal chow diet, whereas male obese mice (OB) were fed a high-fat diet with or without SB216763 
treatment (OB+SB). A, Gene ontology analysis showing upregulated gene signatures in the adipose tissue of the OB+SB mice vs OB mice 
(n=2). B, Quantification of the expression of angiogenesis marker genes in epididymal white adipose tissue (eWAT) from indicated mice using 
reverse transcription polymerase chain reaction (n=6). C, Western blotting analysis of VEGF (vascular endothelial growth factor) and VEGFB in 
eWAT from the indicated mice (n=6). D, ELISA assay of VEGF protein levels in eWAT from the indicated mice (n=6). E through G, Representative 
confocal microscope images of whole-mount CD31 staining in the indicated eWAT (E) and analysis for capillary branch density (F) and CD31-
positive area (G) using ImageJ software (n=6). Scale bar=100 µm. B, D, F, and G, One-way ANOVA and Tukey post hoc test. PIGF indicates 
placental growth factor.
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through 1G). These data support the idea that GSK3 
negatively influences AT vascularization during obesity.

Adipocyte-Specific GSK3β Deficiency Improves 
Metabolic Complications
Considering that GSK3 inhibitor suppresses the activ-
ity of both GSK3α and GSK3β,40 to further discern 
the potential influence of adipocyte-specific effects of 
GSK3 isoforms on AT vascularization during obesity, we 
generated mice with adipocyte-specific GSK3β dele-
tion by mating chimeric GSK3β floxp/floxp (GSK3βfl/

fl) mice with another transgenic mice expressing an 
adiponectin promoter driving Cre recombinase gene 
to generate adipocyte-specific GSK3β knockout mice 
(GSK3βADKO).

GSK3β RNA loss was confirmed in white and brown 
AT, with a complete deletion in adipocytes (but not stromal 

vascular fraction [SVF] cells; Figure S2A). GSK3β protein 
levels were significantly reduced in eWAT and absent in 
adipocytes (Figure S2B). No compensatory increase in 
the GSK3α isoform was noted (Figure S2C).

Compared with control GSK3βfl/fl littermates, nor-
mal chow diet fed in both male and female GSK3βADKO 
mice showed no significant change in body weight 
(Figure S2D and S2E). A modest yet statistically signif-
icant reduction in body weight was observed in obese 
GSK3βADKO mice on HFD. The final body weights of 
male and female GSK3βADKO mice were recorded as 
37.09 and 18.91 g, respectively, compared with con-
trol obese GSK3βfl/fl mice with final body weights of 
42.7 g (male) and 23.57 g (female; Figure 2A and 
2B; Figure S2F and S2G). After 22 weeks of HFD, 
GSK3βADKO mice had reduced fat mass compared with 
control littermates (Figure 2C; Figure S2H). Despite no 
change in food consumption on both normal chow diet 

Figure 2. Adipocyte-specific GSK3β (glycogen synthase kinase-3 beta) deficiency alleviates obesity-associated metabolic 
complications and improves insulin signaling.
Male GSK3βfl/fl and GSK3βADKO mice were fed a high-fat diet (HFD) to induce obesity and used for the experiments. A, Body weight of male 
GSK3βfl/fl and GSK3βADKO mice fed an HFD (n=9). B through H, Comparison of body weight gain (B; n=9), body fat content (C; n=9), energy 
expenditure (D; n=6), oxygen consumption (E; n=6), fasting serum glucose (F; n=6), nonesterified fatty acid (NEFA; G; n=6), and triglyceride (TG) 
levels (H; n=6). I and J, Glucose tolerance test (I) and insulin tolerance test (J) of the indicated obese mice (n=6). K, Fasting serum insulin level of 
indicated obese mice (n=7). L through N, Western blotting images of AKT/PKB (AKT serine-threonine kinase/protein kinase B) phosphorylation 
(L and M) and quantification using ImageJ software (N) in epididymal white adipose tissue (eWAT) and the liver (n=6 for L; n=5 for M). O, ELISA 
analysis of the insulin level in different tissues from indicated obese mice (n=6). A, I, and J, Repeated ANOVA and Bonferroni post hoc test; B 
through H, K, N (eWAT), and O, 2-tailed unpaired t test; N (liver), nonparametric test. SKM indicates skeletal muscle.
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and HFD conditions (Figure S2I), GSK3β deficiency 
notably improved metabolic traits, including increased 
energy expenditure and oxygen consumption (Fig-
ure 2D and 2E) and a nonsignificant increase in total 
activity (Figure S2J) of obese mice. GSK3β deficiency 
also enhanced the metabolic health of both male and 
female obese mice on HFD, as demonstrated by their 
low serum fasting glucose, triglyceride, and nonesteri-
fied fatty acid concentrations (Figure 2F through 2H; 
Figure S2K through S2M). No such changes were 
observed in the lean mice fed an normal chow diet 
(Figure S2N through S2P).

Moreover, GSK3β deficiency in adipocytes signifi-
cantly reduced liver nonesterified fatty acid and triglyc-
eride levels (Figure S3A and S3B) and increased LPL 
(lipoprotein lipase) mRNA levels in eWAT of obese mice 
(Figure S3C), consistent with improved lipid parame-
ters. LPL expression and triglyceride levels in the heart 
remained unchanged (Figure S3C and S3D). The liver 
histology showed fewer and smaller lipid droplets (Fig-
ure S3E through S3G). GSK3βADKO mice exhibited no 
significant changes in serum leptin concentrations but 
showed increased serum adiponectin concentrations 
(Figure S3H and S3I). The insulin-sensitizing adipokine 
adiponectin appears to promote the healthy expansion 
of AT and plays a crucial role in protecting against insulin 
resistance, diabetes, and other metabolic disorders.42,43 
It has been demonstrated that in both human studies 
and rodent models, adiponectin serves as a key regu-
lator of insulin sensitivity, energy expenditure, glucose 
and lipid metabolism, and cardiovascular homeostasis. 
Furthermore, chronic overexpression of adiponectin 
has also been observed to lead to a healthy extension 
of subcutaneous white adipose tissue (sWAT), which in 
turn contributes to protection against diet-induced insu-
lin resistance.44 This beneficial impact of the hormone 
is also evident in the enhancement of mitochondrial 
functions and capillary density of obese AT.45,46 These 
actions are thought to underpin the diverse beneficial 
impacts of adiponectin in addressing a range of meta-
bolic complications.

The elevation of adiponectin levels in obese ATs due 
to GSK3 deficiency may serve as one of the mechanisms 
to alleviate obesity-associated insulin resistance. Con-
sistently, enhanced insulin sensitivity was observed in 
both male and female obese GSK3βADKO mice compared 
with control GSK3βfl/fl mice, as evidenced by improved 
responses to glucose and insulin challenges (Figure 2I 
and 2J; Figure S3J and S3K) and lower fasting serum 
insulin levels (Figure 2K; Figure S3L). Increased AKT/
PKB (AKT serine-threonine kinase/protein kinase 
B) phosphorylation indicated improved insulin signal-
ing in eWAT of obese mice (Figure 2L through 2N). 
The enhanced insulin supply in AT was suggested by 
increased tissue insulin levels in eWAT of obese mice, 
but not in the liver or muscle (Figure 2O).

Adipocyte-Specific GSK3β Deficiency 
Decreases AT Inflammation and Reduces 
Adipocyte Size
Chronic low-grade inflammation is closely linked to the 
development of obesity-induced metabolic disorders.14,47 
Adipocyte-specific GSK3β deficiency suppressed 
inflammation in obese AT, as evidenced by reduced 
crown-like structures (Figure 3A and 3B), decreased 
F4/80 levels (Figure 3C), and inflammatory marker gene 
expression (Figure 3D). We performed an RNA-seq 
assay using eWAT of obese GSK3βADKO mice compared 
with the control obese GSK3βfl/fl mice. Of the DEGs 
identified, 184 were upregulated and 479 were down-
regulated (P<0.05, log2 FC>log2(2); Figure S4A). Gene 
ontology analysis of downregulated DEGs in GSK3βADKO 
eWAT revealed enriched terms related to inflammation 
and inflammatory cytokine production (Figure 3E). A 
global downregulation of inflammation-associated genes 
was observed (Figure 3F). Kyoto Encyclopedia of Genes 
and Genomes enrichment analysis of the downregulated 
DEGs indicated that some enriched pathways related to 
inflammation and associated chemokine signaling in the 
eWAT of GSK3βADKO mice (Figure S4B), which was fur-
ther confirmed by gene set enrichment analysis (Figure 
S4C through S4F).

UCP1 (uncoupling protein 1) levels did not increase 
in eWAT, sWAT, and brown AT as displayed by RT-PCR 
(Figure S4G through S4I) and UCP1 staining (Figure 
S4J), indicating that GSK3β deficiency in adipocytes has 
a limited impact on the thermogenic gene program. How-
ever, increased expression of Pgc1α, Cox5b, and Cox8b 
genes suggested elevated mitochondrial metabolic activ-
ity, which was further supported by enhanced oxidative 
phosphorylation (OxPhos)-associated gene expression 
at the mRNA level (Figure S4K) and OxPhos com-
plexes at the protein level in eWAT with GSK3β abla-
tion (Figure 3G). Both Kyoto Encyclopedia of Genes and 
Genomes and gene set enrichment analysis revealed that 
GSK3βADKO eWAT were positively associated with energy 
metabolic pathways, including OxPhos and insulin signal-
ing (Figure S4L through S4N). We also compared 2 sets 
of DEGs. The first set was from a comparison between 
the eWAT of lean and obese GSK3fl/fl mice. Of the DEGs 
identified, 520 were upregulated and 1097 were down-
regulated (P<0.05, log2 FC>log2(2); Figure S4O). The 
second set was derived from a comparison between the 
eWAT from obese GSK3βADKO and obese GSK3fl/fl mice 
(Figure S4A). The comparison of these 2 sets of DEGs 
revealed 113 commonly upregulated genes and 430 co- 
downregulated genes (Figure S4P and S4Q). Inflammation- 
associated gene ontology terms were enriched among 
the co-downregulated DEGs of the lean and GSK3βADKO 
groups compared with control obese GSK3fl/fl mice, 
respectively (Figure S4R). Kyoto Encyclopedia of Genes 
and Genomes analysis identified metabolic pathways in 
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Figure 3. Adipocyte-specific GSK3β (glycogen synthase kinase-3 beta) deficiency reduces obesity-associated adipose tissue 
inflammation, increases OxPhos complexes, and decreases adipocyte size. Male GSK3βfl/fl and GSK3βADKO mice were fed a 
high-fat diet to induce obesity and used for the experiments.
A through D, Hematoxylin and eosin staining of epididymal white adipose tissue (eWAT; A), quantification of crown-like structures (CLS; B; n=6), 
and F4/80 staining (red) of eWAT sections (C). Lipids were stained green using BODIPY to indicate adipocytes (C), and the expression levels of 
inflammation-associated genes in eWAT were determined using reverse transcription polymerase chain reaction (D; n=6 for GSK3βfl/fl and n=8 
for GSK3βADKO). E, Gene ontology (GO) term analysis of RNA sequencing data showing downregulated gene signatures in the eWAT of obese 
GSK3βADKO vs obese control GSK3βfl/fl mice. F, Heat map of expression values (Z score) for inflammation-associated genes in eWAT from the 
indicated obese mice. G, Western blotting images of oxidative phosphorylation (OxPhos) complexes and quantification using ImageJ software 
(n=5). H and I, Comparison of average adipocyte sizes measured as the adipocyte area of eWAT (H) and subcutaneous white adipose tissue 
(sWAT; I) from obese GSK3βfl/fl and GSK3βADKO mice (n=5). J and K, The ratio of sWAT to eWAT weight (J) and the percentage of sWAT weight in 
total fat weight (K) of male obese GSK3βfl/fl and GSK3βADKO mice (n=6). Scale bar=100 µm. B, D, J, and K, Two-tailed unpaired t test; G through 
I, nonparametric test.
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co-upregulated DEGs (Figure S4S). These data support 
the idea that GSK3β ablation counters obese-specific 
gene expression patterning toward a lean-specific gene 
expression pattern.

Compared with control mice, GSK3βADKO mice dis-
played significantly smaller average adipocyte sizes in 
both eWAT and sWAT (Figure S3H and S3I), along with 
more uniform size and an increased adipocyte count per 
unit area in eWAT and, notably, in sWAT, as evidenced 
by the adipocyte area, its distribution, and the number 
of adipocytes in AT (Figure S5A through S5F). Reduced 
adipocyte size in GSK3βADKO mice suggests that GSK3β 
deficiency leads to AT remodeling, transitioning from AT 
hypertrophy (characterized by enlarged adipocytes) to 
hyperplasia (characterized by smaller adipocytes) during 
obesity. This shift decreases unhealthy expansion of AT, 
potentially improving the inflammatory microenvironment 
in tissues and preserving healthy adipocyte function. Vis-
ceral and subcutaneous obesity are linked with differ-
ent risks of metabolic syndrome. Increased visceral fat 
distribution is associated with a high risk of metabolic 
disorders, whereas increased subcutaneous fat has ben-
eficial effects on insulin sensitivity and metabolism.48,49 
We observed a significant increase in the sWAT-to-eWAT 
weight ratio in obese GSK3βADKO mice compared with 
control obese mice (Figure 3J) but not in lean mice (Fig-
ure S5G). We also noted a significant increase in the per-
centage of sWAT weight relative to the combined weight 
of sWAT and eWAT from obese mice (Figure 3K) but not 
lean mice (Figure S5H), implying the improved insulin 
response of obese GSK3βADKO mice is partially attribut-
able to an increase in subcutaneous adipose depots.

Increased adipogenic potential, forming new adi-
pocytes through adipogenesis (hyperplasia), is linked 
to a healthier expansion of WAT and reduced obesity-
related proinflammatory effects and metabolic compli-
cations.50,51 The vasculature is considered to support 
adipogenesis by serving as a niche where preadipocytes 
reside, undergo differentiation commitment, and mature 
into adipocytes.13,52 The coordination of adipogenesis 
and angiogenesis is crucial for maintaining metabolic 
homeostasis. In obesity, the uncoupling of angiogenesis 
and adipogenesis leads to reduced vascularity, result-
ing in local hypoxia, oxidative stress, fibrosis, and other 
metabolic disorders within AT.53 To evaluate whether 
adipogenic potential is affected in obese AT, we isolated 
SVF from both sWAT and eWAT of obese GSK3βADKO 
and control mice and performed in vitro adipocyte differ-
entiation of adipocyte progenitor cells from these SVFs. 
We observed that SVF progenitor cells isolated from 
the sWAT of obese GSK3βADKO mice displayed higher 
lipid accumulation compared with SVF progenitor cells 
from the sWAT of control mice, as evidenced by both Oil 
Red O staining assay and mRNA levels of some gen-
eral markers for adipocyte differentiation (Figure S5I 
and S5J). The differentiation of SVF progenitor cells 

from eWAT exhibited notably lower levels compared with 
SVF cells from sWAT (Figure S5I and S5K). While there 
was a rising trend in PPARγ (peroxisome proliferator- 
activated receptor gamma) expression and a notable 
increase in adiponectin mRNA levels observed in the in 
vitro-differentiated adipocytes of eWAT SVF progenitor 
cells, no significant variance in lipid accumulation was 
noted when inducing differentiation of eWAT SVF pro-
genitor cells from obese GSK3βADKO mice compared with 
obese control mice. This was evidenced by comparable 
levels of Oil Red O staining in the cells (Figure S5K and 
S5L). These data suggest a discernible difference in the 
adipogenic potential between progenitor cells originating 
from sWAT and eWAT, partially elucidating the elevated 
sWAT/eWAT ratio observed in obese GSK3βADKO mice.

These findings also suggest that the slightly increased 
cell number in eWAT of obese GSK3βADKO mice may not 
be due to an enhanced adipogenic potential of eWAT 
progenitors. Adipocyte death increases in frequency dur-
ing obesity and is more prevalent in eWAT compared 
with sWAT. Adipocyte death is an early and progressive 
event that triggers AT inflammation and complications 
associated with obesity.54 We observed a downregula-
tion in the expression levels of several genes associ-
ated with apoptosis, particularly those genes associated 
with inflammatory cell death, such as Casp1, Aim2, and 
Pycard, in the eWAT of obese GSK3βADKO mice compared 
with control mice (Figure S5M). While some apoptosis- 
associated genes were downregulated, this distinct 
pattern was not as prominently observed in the sWAT 
of obese GSK3βADKO mice (Figure S5N). These results 
suggest that the alteration in the number of adipocytes in 
eWAT may be attributed to a reduction in adipocyte death 
in obese GSK3βADKO mice rather than to the change of 
adipogenesis of progenitor cells.

Adipocyte-Specific GSK3β Deficiency 
Expanded the AT Vasculature
Both gene set enrichment analysis and gene ontol-
ogy analysis of the upregulated DEGs in the eWAT of 
obese GSK3βADKO mice identified positively correlated 
pathways and enriched terms associated with angio-
genesis and the response to hypoxia (Figure 4A; Fig-
ure S6A through S6D). These terms were also found 
among the co-upregulated DEGs from the lean con-
trol and obese GSK3βADKO groups compared with con-
trol obese GSK3βfl/fl mice (Figure S6E). The heat map 
demonstrated elevated mRNA levels of angiogenesis-
associated genes (Figure 4B) and genes responsive to 
hypoxia in the obese eWAT of GSK3βADKO mice (Fig-
ure S6F). Furthermore, RT-PCR validation confirmed 
increased mRNA expression of angiogenesis marker 
genes (Figure 4C). Increased protein levels of VEGF, 
VEGFB, and VEGFR2, but not VEGFR1, were observed 
in the eWAT of obese GSK3βADKO mice (Figure 4D and 
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Figure 4. Ablation of GSK3β (glycogen synthase kinase-3 beta) in adipocytes stimulates the expansion of adipose tissue (AT) 
vasculature and upregulates the expression of genes associated with angiogenesis in the AT of obese mice.
Male C57Bl/6J GSK3βfl/fl and GSK3βADKO mice were fed a high-fat diet to induce obesity and used for the experiments. A, Gene ontology 
(GO) analysis showing upregulated gene signatures in the epididymal white adipose tissue (eWAT) of obese GSK3βADKO vs obese GSK3βfl/fl mice 
(n=2). B, Heat map of expression values (Z score) for angiogenesis-associated genes in eWAT from the indicated obese mice. C, Validation of 
angiogenesis-associated genes using reverse transcription polymerase chain reaction (n=6). D, Western blotting analysis of the indicated proteins 
in eWAT from the indicated obese mice. E, VEGF (vascular endothelial growth factor) protein level analysis using ELISA in eWAT (Continued )
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4E; Figure S6G). Increased VEGF and VEGFB proteins 
mainly originate from adipocytes, whereas increased 
VEGFR2 protein is derived from the SVF component 
(Figure 4F through 4H). VEGFB activates the VEGF/
VEGFR2 pathway by displacing VEGF from its bind-
ing with VEGFR1, resulting in the subsequent bind-
ing of VEGF to VEGFR2. This process remodels the 
vascular structure and enhances insulin signaling in 
AT.16,55–57 This partially explains why GSK3βADKO mice 
displayed increased levels of both VEGF and VEGFB 
in adipocytes. Furthermore, whole-mount staining dem-
onstrated higher CD31 expression, as well as increased 
vessel size and expanded capillary network in eWAT 
of obese GSK3βADKO mice compared with control 
mice (Figure 4I). Increased expression of angiogen-
esis marker genes and an expanded AT capillary net-
work were also detected in the sWAT and brown AT 
of GSK3βADKO mice (Figure S6H through S6K). These 
data imply that GSK3β deficiency regulates angiogen-
esis to modulate the vascular network within obese AT. 
GSK3βADKO mice also displayed increased vessel perfu-
sion in eWAT, as indicated by the increased presence 
of lectin-perfused areas (Figure 4J), partially explain-
ing the observation that AT showed an increased insulin 
supply and increased insulin signaling. Consistently, the 
obese GSK3βADKO mice also exhibited reduced serum 
glycerol concentrations after the injection of insulin 
compared with the GSK3βfl/fl control mice, suggesting 
inhibited lipolysis by insulin and retained insulin sensi-
tivity at the tissue level (Figure 4K).

Intriguingly, in our in vitro co-culture experiments, we 
observed that when primary mature adipocytes isolated 
from obese GSK3βADKO mice were cocultured with endo-
thelial 3B-11 or mouse hemangioendothelioma endo-
thelial cells, there was a notable enhancement in the 
angiogenic potential of the endothelial cells. This was 
evidenced by a significant increase in tube formation 
compared with cocultures with obese GSK3βfl/fl primary 
adipocytes (Figure 4L; Figure S7A through S7D). When 
culturing 3B-11 cells in conditional medium obtained 
from GSK3β inhibitor-treated mature 3T3-L1 adipocytes 
under hypoxia (1% O2) to mimic the hypoxic environment 
in obese AT, we also observed enhanced tube-formation 
capability compared with cells cultured in the control 
conditional medium (Figure S7E through S7H). VEGF 
secretion was enhanced in the conditional medium from 
adipocytes cultured with a GSK3 inhibitor under hypoxia 
for 24 hours (Figure S7I).

We next used obese mice with adipocyte-specific 
GSK3α deletion to assess the role of GSK3α in AT vas-
culature. Heat map analysis from RNA-seq data revealed 
no differences in the expression of angiogenesis- 
associated genes between the GSK3αADKO and control 
GSK3αfl/fl groups (Figure S7J), implying a clear differ-
ence between GSK3β and GSK3α in regulating AT 
vasculature. This result was further validated by RT-
PCR results, which showed no significant changes in 
angiogenesis-associated gene expression in the eWAT 
of GSK3αADKO mice compared with control mice (Figure 
S7K). These data suggest that the adipocyte-specific 
functions of GSK3β, but not GSK3α, affect the vascu-
lature in AT, likely by mediating communication between 
adipocytes and endothelial cells, which may be mediated 
by the release of VEGF from adipocytes to act on endo-
thelial cells.

Adipocyte-Specific GSK3β Deficiency 
Counteracts the Deteriorated Microenvironment 
in Obese AT
Emerging studies have shown that induced vascular-
ization has beneficial effects on pathological changes 
during obesity.13,15,16,24 We evaluated the hypoxia sta-
tus of AT and observed low pimonidazole hypoxyprobe 
staining, indicating less hypoxia in the eWAT and sWAT 
of GSK3βADKO mice than GSK3βfl/fl control mice (Fig-
ure 5A; Figure S8A and S8B). Reduced hypoxia levels 
imply a greater oxygen supply to the tissues; there-
fore, we measured the oxygen consumption rate of AT. 
The results showed that, compared with the eWAT of 
obese GSK3βfl/fl mice, the eWAT of obese GSK3βADKO 
mice had significantly higher basal and maximal oxy-
gen consumption rates for mitochondrial respiration 
(Figure 5B and 5C), as well as significantly higher 
oxygen consumption rates for ATP production (Fig-
ure 5D), suggesting increased OxPhos capacity. These 
findings are consistent with upregulated expression 
of OxPhos-associated genes, as demonstrated by 
the RNA-seq data, and increased OxPhos complex 
protein (Figure 3G; Figure S4K). In contrast, a slight 
decrease was observed in the extracellular acidifica-
tion rate (an indicator of anaerobic glycolysis) of the 
eWAT of GSK3βADKO mice (Figure S8C). The level of 
the insulin-dependent glucose transporter GLUT4 was 
found to be upregulated, whereas the level of GLUT1, 
an insulin-independent transporter induced by hypoxia 

Figure 4 Continued. lysates from the indicated obese mice (n=7). F through H, Western blotting images of the indicated proteins in adipocytes 
(F) and stromal vascular fraction (SVF; G) from the indicated obese mice, along with their protein quantification (H; n=6). I, Representative images 
of whole-mount staining of eWAT for CD31 and analysis for CD31-positive area, capillary branch density, and capillary diameter quantified using 
Image J software (n=7). J, Representative images of whole-mount staining of eWAT from obese mice injected with lectin and quantification of 
the lectin area (n=6). K, Serum glycerol levels in the indicated obese mice before or 30 minutes after injection with 0.75 U/kg insulin (n=6). L, In 
vitro tube-formation assay of 3B-11 mouse endothelial cells cocultured with primary adipocytes (Pad, passage 0 [P0]) isolated from the indicated 
obese mice. Analysis is for the number of meshes, number of junctions, and total segment length (n=4). Scale bar=100 µm. C, E, and H through 
K, Two-tailed unpaired t test; L, nonparametric test.
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Figure 5. Adipocyte-specific GSK3β (glycogen synthase kinase-3 beta) deficiency reduces hypoxia, fibrosis, and reactive oxygen 
species (ROS) levels in obese adipose tissue, leading to an improved microenvironment.
Male GSK3βfl/fl and GSK3βADKO mice were fed a high-fat diet to induce obesity and used for the experiments. A, Representative images of 
hypoxyprobe staining of epididymal white adipose tissue (eWAT) and quantification of staining from the indicated obese mice (n=6). B through 
D, Total oxygen consumption rates (OCRs; B), basal OCRs and OCRs for maximal (Maxi) respiratory capacity (C), and OCRs for ATP production 
(D) of eWAT from the indicated obese mice (n=7). E, Representative images of picrosirius red staining (detecting collagen for fibrosis analysis) 
and its quantification for fibrosis analysis of eWAT from the indicated obese mice (n=7). F through G, Fibrosis- (F; n=6 for GSK3βfl/fl and n=8 
for GSK3βADKO) and antioxidative stress- (G; n=6) associated gene expression analysis performed using reverse transcription polymerase chain 
reaction (RT-PCR). H, ROS staining (dihydroethidine [DHE] dye) of eWAT sections from the indicated obese mice and quantification using ImageJ 
software (n=7). I, Expression analysis of ER stress-associated genes performed using RT-PCR (n=6 for GSK3βfl/fl and n=8 for GSK3βADKO). J, 
Western blotting analysis of the indicated proteins and quantification using ImageJ software in eWAT of indicated obese mice (n=5 for GSK3βfl/

fl and n=6 for GSK3βADKO). Scale bar=100 µm. O: oligomycin; F: FCCP; R: Rot/AA. A, C through I, Two-tailed unpaired t test; B, repeated ANOVA 
and Bonferroni post hoc test; J, nonparametric test.
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Figure 6. VEGFR2 mediates the improvement of vascularity, metabolic complications, and the tissue microenvironment in 
obese adipose tissue resulting from adipocyte-specific ablation of GSK3β (glycogen synthase kinase-3 beta).
Male GSK3βfl/fl and GSK3βADKO mice were fed a high-fat diet to induce obesity. The induced obese GSK3βADKO mice were then treated with either 
IgG or VEGFR1- (GSK3βADKO+VR1NA) or VEGFR2-neutralizing antibodies (GSK3βADKO+VR2NA) for use in the experiments. A, Representative 
image of epididymal white adipose tissue (eWAT) whole-mount staining of lectin and CD31 from the indicated obese mice injected with lectin and 
quantification of the lectin-perfused area and CD31-positive area (n=6). B and C, Hematoxylin and eosin staining of eWAT (B) and crown-like 
structure [CLS] quantification (C) in the indicated obese mice (n=6) using ImageJ software. D, The expression of inflammation (Continued )
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in fat cells,10,58 was downregulated in the eWAT of 
obese GSK3βADKO mice (Figure S8D), suggesting a 
shift from anaerobic respiration to aerobic respiration. 
Furthermore, obesity-induced AT fibrosis was found 
to be alleviated in GSK3βADKO mice, as shown using 
collagen deposition analysis (picrosirius red staining 
for collagens I and III; Figure 5E). This finding is sup-
ported by the RNA-seq data, which showed decreased 
fibrosis-associated gene expression (Figure S8E), as 
well as the RT-PCR validation (Figure 5F). In addition, 
GSK3β ablation increased antioxidant gene expression 
and decreased ROS-associated gene expression (Fig-
ure 5G; Figure S8F). Diminished intensity of dihydro-
ethidine staining was consistent with lower production 
of superoxide in the eWAT of obese GSK3βADKO mice 
than GSK3βfl/fl mice (Figure 5H). The eWAT of obese 
GSK3βADKO mice exhibited lower mRNA levels of ER 
stress marker genes, such as Atf4/6 and GRP78/94 
(also known as Hspa5/Hsp90b1), than the GSK3βfl/fl 
mice as well (Figure 5I), in line with the RNA-seq data 
as revealed in the heat map (Figure S8G). The levels 
of ER stress markers, such as CHOP and calnexin, 
and the fibrosis marker ITGA5 were all downregu-
lated at the protein level, but the antioxidant marker 
SOD1 was increased in the eWAT of obese GSK3βADKO 
mice (Figure 5J). Less pimonidazole staining was also 
observed in obese mice treated with GSK3 inhibition 
(Figure S8H). Consistently, the expression of fibrosis-
associated genes was downregulated (Figure S8I), but 
the expression of antioxidant genes such as Sod1, Cat, 
and Ucp3 was upregulated while the expression of 
ROS generation-associated genes such as Ncf2 was 
downregulated in the eWAT of obese mice with GSK3 
inhibition (Figure S8J). Together, these data indicate 
that GSK3β deletion expanded the AT vasculature to 
improve obesity-induced microenvironment deteriora-
tion, leading to improved metabolic homeostasis.

VEGFR2 Is Required for Vascular Remodeling 
in Obese AT Caused by GSK3β Deficiency in 
Adipocytes
We observed that upon GSK3β knockout in AT, both 
VEGF and VEGFB derived from the adipocytes increased 
significantly, whereas VEGFR2 showed a significant 
increase in the SVF component of AT. We hypothesized 
that GSK3β deficiency in adipocytes increased VEGFB, 
which stimulates VEGF to bind to VEGFR2, expressed in 

endothelial cells of SVF from AT to activate the VEGF/
VEGFR2 signaling pathway. To test this hypothesis, we 
injected VEGFR1- and VEGFR2-neutralizing antibodies 
into obese mice. We observed the abolished expansion 
of capillary density induced by GSK3β deficiency, char-
acterized by limited lectin-perfused and CD31-positive 
areas in AT after VEGFR2-neutralizing antibody treat-
ment (Figure 6A). By contrast, anti-VEGFR1 antibody 
treatment did not significantly affect vasculature expan-
sion (Figure 6A). The GSK3β-deficiency-induced reduc-
tion in inflammation in AT was reversed by anti-VEGFR2 
antibody treatment, as indicated by an increased num-
ber of crown-like structures surrounding the adipo-
cytes and the results of the inflammation-associated 
gene expression analysis (Figure 6B through 6D). The 
VEGFR2-neutralizing antibody also reversed the benefi-
cial effects caused by GSK3β deletion on glucose toler-
ance and insulin sensitivity (Figure 6E and 6F). Moreover, 
VEGFR2-neutralizing antibody treatment resulted in 
increased fibrosis, as indicated by picrosirius red staining 
(Figure 6G), and increased ROS production, as shown 
by dihydroethidine staining (Figure 6H), in the eWAT 
of obese GSK3βADKO mice, as compared with vehicle 
treatment. Similarly, fibrosis-associated genes showed 
increased expression (Figure 6I), but antioxidant genes 
showed decreased expression upon anti-VEGFR2 anti-
body treatment (Figure 6J). Taken together, these data 
are consistent with the idea that adipocyte-specific 
GSK3β deficiency activates the VEGF/VEGFR2 signal-
ing pathway, which mediates crosstalk between adipo-
cytes and the surrounding endothelial cells and results 
in increased vasculature and prevents tissue dysfunction 
in obese mice.

HIF-2α Mediates the Effects of GSK3β Ablation 
on Increased AT Vasculature and the Improved 
Microenvironment
HIF-1α mRNA was increased, whereas HIF-2α mRNA 
was decreased, in obese eWAT compared with lean 
eWAT, but no change was observed for HIF-1β mRNA 
(Figure S9A). HIF-2α was significantly increased at 
both the mRNA (Figure S9B) and protein levels in 
eWAT of the obese GSK3βADKO mice in comparison 
to GSK3βfl/fl mice (Figure 7A and 7B; Figure S9C). In 
contrast, HIF-1α expression showed marginal change 
(Figure 7A and 7B; Figure S9C), despite downregula-
tion of HIF-1α target genes (Figure S9D). Consistently, 

Figure 6 Continued. marker genes in eWAT was determined using reverse transcription polymerase chain reaction (RT-PCR; n=6). E 
and F, Glucose tolerance test (E) and insulin tolerance test (F) in the indicated mice (n=6). G, Representative picrosirius red staining and its 
quantification for fibrosis analysis of eWAT in the indicated mice (n=6). H, Reactive oxygen species staining (dihydroethidine [DHE] dye) of 
eWAT sections from the indicated mice and quantification using ImageJ software (n=6). I and J, Expression analysis using RT-PCR for fibrosis-
associated genes (I) and antioxidative stress-associated genes (J; n=6). Scale bar=100 µm. A, C, D, and G through I, One-way ANOVA and 
Tukey post hoc test; E and F, repeated ANOVA and Bonferroni post hoc test. VR1NA indicates VEGFR1-neutralizing antibody; and VR2NA, 
VEGFR2-neutralizing antibody.
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Figure 7. The effects of adipocyte-specific GSK3β (glycogen synthase kinase-3 beta) ablation on expanded tissue vascularity 
and improved microenvironment of obese adipose tissue are mediated by HIF-2α (hypoxia-inducible factor 2-alpha).
Male GSK3βfl/fl and GSK3βADKO mice were fed a high-fat diet to induce obesity. The induced obese GSK3βADKO mice were then treated with or 
without the HIF-2α inhibitor PT2385 (GSK3βADKO+PT [30 mg/kg]) for 2 weeks for use in the experiments of A and B, and F through I. A and B, 
Expression analysis of HIF-1α and HIF-2α at the protein level using Western blotting (A) in epididymal white adipose tissue (eWAT) of indicated 
obese mice and quantification using ImageJ software (B; n=5). C, Nuclear accumulation of HIF-2α in mature 3T3-L1 adipocytes, with or without 
GSK3 inhibitor CHIR99021 (CHIR, 10 µmol/L) treatment, under hypoxic (1%) and normoxia (21%) conditions for 4 hours. The nuclei were 
visualized using 4ʹ,6-diamidino-2-phenylindole (DAPI) staining. D, Analysis of HIF-2α nuclear/cytoplasmic ratio from the experiments presented 
in C (n=6). E, Chromatin immunoprecipitation (ChIP) analysis of HIF-2α at the VEGF-hypoxia response element after 4 hours of 1% O2 treatment 
with GSK3 inhibition (n=5). F, Whole-mount CD31 staining and CD31-positive area quantification of eWAT sections from the (Continued )
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HIF-2α target genes were upregulated (Figure S9E). 
Our data showed that VEGF was also upregulated in 
the eWAT of obese GSK3βADKO mice, consistent with 
the HIF-2α upregulation. Considering that both HIF-1α 
and HIF-2α function as transcription factors by translo-
cating into the nucleus to regulate VEGF expression,59 
we utilized in vitro-differentiated 3T3-L1 adipocytes to 
evaluate the expression and translocation of HIF-1α 
and HIF-2α upon GSK3β inhibition. Under normoxia 
conditions, the HIF-1α expression was low, and GSK3 
inhibition did not alter the expression or the subcel-
lular localization of HIF-1α (Figure S9F and S9G). 
Meanwhile, hypoxic culture conditions significantly 
increased both protein levels and nuclear accumula-
tion of HIF-1α (Figure S9F and S9G), whereas GSK3 
inhibition blocked its nuclear accumulation (Figure S9F 
and S9G). Nuclear accumulation of HIF-2α was stimu-
lated by hypoxia, and this was further increased by the 
treatment of GSK3 inhibitor, CHIR99021 (CHIR) treat-
ment (Figure 7C and 7D). Chromatin immunoprecipi-
tation assays showed increased binding of HIF-2α to 
the VEGF-hypoxia response element after 4 hours at 
1% O2 with GSK3 inhibition (Figure 7E). Additionally, 
slight binding of HIF-2α to the VEGF-hypoxia response 
element was noted under normoxia conditions upon 
GSK3 inhibition (Figure 7E). ELISA assays revealed a 
notable elevation in VEGF levels in the culture medium 
of GSK3 inhibitor-treated 3T3-L1 cells compared with 
control cells. This increase became more pronounced 
after 24 hours of exposure to hypoxic conditions (Fig-
ure S9H). The results indicate that inhibition of GSK3 
may enhance the nuclear accumulation of HIF-2α, 
thereby increasing its transcriptional regulatory activ-
ity. Conversely, GSK3 inhibition suppresses the nuclear 
accumulation of HIF-1α and its transcriptional regula-
tory activity.

Furthermore, we utilized PT2385, an HIF-2α-specific 
inhibitor that effectively suppresses the expression 
of HIF-2α target genes by allosterically disrupting the 
HIF-2α/ARNT heterodimerization.60 We administered 
this inhibitor to obese GSK3βADKO mice to assess its 
impact on tissue vascularity and the corresponding micro-
environment. Our results showed that HIF-2α inhibition 
blocked vasculature expansion induced by GSK3βADKO in 
both male and female obese AT (Figure 7F; Figure S9I 
and S9J). The HIF-2α inhibitor diminished the benefi-
cial effects of GSK3βADKO on inflammation as indicated 
by the increased crown-like structure area (Figure 7G) 
and upregulated inflammatory marker levels (Figure 
S9K and S9L). Fibrosis and hypoxia were also intensi-
fied, as evidenced by stronger picrosirius red staining 

(Figure 7H) and hypoxyprobe staining (Figure 7I; Figure 
S9M and S9N), respectively. Taken together, these data 
strongly suggest that the HIF-2/VEGF axis functions as 
a downstream target of GSK3β in the regulation of AT 
vasculature.

AMPK Mediates the Effects of GSK3β Ablation 
on the HIF-2/VEGF Axis
To address whether any molecules act as effectors to 
mediate the abovementioned effects on HIF-2α trans-
location upon GSK3 inhibition, we performed a multi-
plex immunoassay using protein extracts of the eWAT 
of GSK3βfl/fl control and GSK3βADKO mice. A significant 
increase was detected in the phosphorylation of some 
kinases such as AKT/PKB, mammalian target of rapamy-
cin, and ERK (extracellular signal-regulated kinase; Fig-
ure S10A and S10B). Nuclear accumulation of HIF-2α 
appeared to be unaffected in AKT/PKB- or ERK  
inhibitor-treated 3T3-L1 adipocytes with GSK3 inhibition 
(Figure 8A and 8B). Interestingly, an AMPK inhibitor sig-
nificantly blocked the GSK3 inhibition-induced nuclear 
accumulation of HIF-2α (Figure 8A and 8B). Moreover, 
we observed enhanced nuclear accumulation of HIF-1α 
in cells with AKT or AMPK inhibitor treatment (Figure 
S10C and S10D). AMPK inhibition also attenuated the 
increase in VEGF mRNA and protein levels (Figure S10E 
and S10F). Previous studies have shown that HIF-2α 
phosphorylation may mediate its activation and nuclear 
translocation.61,62 Our findings demonstrated an increase 
in HIF-2α phosphorylation in adipocytes upon GSK3 
inhibition, whereas the AMPK inhibitor mitigated this 
effect (Figure 8C). Additionally, we observed increased 
HIF-2α phosphorylation in obese eWAT when GSK3β 
was ablated, and the administration of an AMPK inhibitor 
reduced this increase (Figure 8D). HIF-1α phosphory-
lation remained unaffected in adipocytes treated with a 
GSK3β inhibitor. However, a slight increase in HIF-1α 
phosphorylation was observed in adipocytes treated with 
both GSK3 and AKT/PKB inhibitors, whereas no such 
effects were observed upon AMPK inhibitor treatment 
(Figure S10G and S10H). Taken together, our data indi-
cate that AMPK may serve as a potential downstream 
mediator of the effects of GSK3β deficiency and may 
be responsible for regulating the nuclear accumula-
tion of HIF-2α, as well as its transcriptional regulatory 
activity on target genes, possibly by modulating HIF-2α 
phosphorylation.

We further investigated the impact of GSK3β on 
AMPK activity. In 3T3-L1 adipocytes, we observed an 
increase in AMPK phosphorylation upon GSK3 inhibition 

Figure 7 Continued. indicated obese mice (n=5). G, Hematoxylin and eosin staining of eWAT and CLS quantification in the indicated obese 
mice (n=5) using ImageJ software. H, Representative picrosirius red staining and quantification for the fibrosis analysis of eWAT from the 
indicated obese mice (n=5). I, Representative images of hypoxyprobe staining of eWAT and quantification of staining in the indicated mice (n=5). 
Scale bar=100 µm. B through E, Two-tailed unpaired t test; F through I, nonparametric test.
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Figure 8. AMPK (AMP-activated protein kinase) regulates the HIF-2α/VEGF (hypoxia-inducible factor 2-alpha/vascular 
endothelial growth factor) axis to mediate the effects of adipocyte-specific GSK3β (glycogen synthase kinase-3 beta) 
deficiency on tissue vascularity and the microenvironment of obese adipose tissue by stimulating HIF-2α nuclear accumulation.
A and B, Nuclear accumulation of HIF-2α in mature 3T3-L1 adipocytes upon GSK3 inhibition with CHIR99021 (CHIR, 10 µM) and with or 
without the treatment of inhibitors targeting other kinases, AKT inhibitor-Triciribine (AKTi, 10 µmol/L), ERK inhibitor SCH772984 (ERKi, 300 
nmol/L), and AMPK inhibitor (CC, 10 µmol/L) under hypoxic conditions (1%; A) for 4 hours. Analysis of nuclear/cytoplasmic ratios (B; n=6). C 
and D, HIF-2α phosphorylation analysis of pulled down total HIF-2α and quantification vs total HIF-2α in mature 3T3-L1 (Continued )
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(Figure 8E). Similarly, elevated AMPK phosphorylation 
was detected in AT of obese GSK3βADKO mice com-
pared with the eWAT of obese GSK3βfl/fl control mice 
(Figure 8F). These findings suggest that GSK3β nega-
tively regulates AMPK activity in adipocytes and in the 
eWAT of obese mice. An AMPK inhibitor abated expan-
sion of adipose vascularity caused by GSK3β deficiency, 
as evidenced by low levels of CD31 staining (Figure 8G; 
Figure S11A). AMPK inhibition also attenuated the ben-
eficial effects of GSK3βADKO on hypoxia (Figure 8H; Fig-
ure S11B), fibrosis (Figure S11C), and inflammation, as 
indicated by the increased number of crown-like struc-
tures and inflammatory gene expression levels (Figure 8I 
and 8J; Figure S11D and S11E). Taken together, these 
findings suggest that GSK3β negatively affects the 
AMPK/HIF-2α axis, leading to the downregulation of 
VEGF/VEGFR2 activity in obese AT. Consequently, this 
impairs the vascularity of obese AT and results in a dete-
riorated microenvironment and increased inflammation 
(Figure 8K).

DISCUSSION
In our study, adipocyte-specific GSK3β deficiency was 
found to counteract obesity-related metabolic disorders 
and restore metabolic health in obese AT. These data 
underscore the role of GSK3β in remodeling the AT vas-
culature during obesity, which is achieved through the 
GSK3β/AMPK/HIF-2α/VEGF/VEGFR2 pathway, thus 
fostering crosstalk between adipocytes and endothelial 
cells. This process modulates the microenvironment in 
obese AT by stimulating angiogenesis, expanding the 
vasculature, and enhancing AT perfusion. Consequently, 
these changes ameliorate hypoxia, reduce ROS genera-
tion, alleviate ER stress, mitigate fibrosis, and reduce 
inflammation, ultimately improving insulin resistance. Our 
study is the first to report on the involvement of GSK3β 
in AT vascular remodeling during obesity, shedding light 
on its pathophysiological role in obesity-associated met-
abolic complications.

The functions of GSK3α and GSK3β vary across dif-
ferent tissues. However, the clinical application of GSK3 
inhibitors is hindered by side effects, and further explo-
ration is needed to understand their precise functions. 
It is, therefore, crucial to understand the roles of GSK3 
isoforms in different tissues. Our study provides the first 

evidence that adipocyte-specific GSK3β deletion remod-
els AT vasculature, thereby regulating the microenviron-
ment and metabolic activity. In contrast, GSK3α does not 
produce a similar impact on AT vasculature. Compared 
with visceral fat, subcutaneous fat has beneficial effects 
on glucose metabolism and insulin sensitivity.48,49 We 
observed an increase in the amount of subcutaneous fat 
and in the sWAT/eWAT ratio in the presence of GSK3β 
deficiency, suggesting a shift toward peripheral obesity 
from central obesity.

It remains to be determined how AT growth is coordi-
nated with capillary network expansion and what triggers 
AT vascularization during development and in obesity. 
Some reports demonstrated that the growth and func-
tions of AT are highly reliant on the vasculature, primarily 
through angiogenesis, which not only supplies nutrients 
to adipocytes but also serves as a niche for adipocyte 
precursors.15,52,53 Dysregulated angiogenesis or deficient 
AT angiogenesis can disrupt AT function and increase 
the risk of metabolic disorders in individuals with obe-
sity, whereas modulated vascular patterns can impact the 
size and expandability of various adipose depots,15,16,24,53 
particularly the hypertrophic process characterized by an 
increase in cell size. Hypertrophic obesity is more closely 
associated with metabolic complications than hyperplas-
tic obesity.63,64 A simple and commonly accepted model 
suggests that the unhealthy expansion of WAT primarily 
occurs through adipocyte hypertrophy rather than hyper-
plasia, stemming from dysfunctional adipocyte progeni-
tor cells.51,65 This expansion, combined with inadequate 
angiogenesis, leads to overwhelmed and unhealthy adi-
pocytes, resulting in hypoxia, cell death, and the subse-
quent activation of inflammation and fibrosis alongside 
metabolic disorders.65 Collaborative interactions among 
adipocytes and various cell types within the AT microen-
vironment, including endothelial cells, immune cells, and 
adipocyte progenitor cells, have the potential to influ-
ence AT remodeling and contribute to maintaining tis-
sue health and systemic metabolic homeostasis in obese 
mice.66

Our findings indicate that GSK3β deficiency reduces 
adipocyte size in AT and increases adipocyte number 
rather than promoting the enlargement of individual adi-
pocytes. Furthermore, GSK3β deficiency stimulates adi-
pocytes to release the angiogenic factor VEGF and the 
insulin-sensitizing hormone adiponectin. Adiponectin is 

Figure 8 Continued. adipocytes with the indicated treatment for 4 hours (C, n=6) and in epididymal white adipose tissue (eWAT) from male 
GSK3βfl/fl and GSK3βADKO mice fed an high-fat diet treated with or without the AMPK inhibitor (GSK3βADKO+CC [10 mg/kg]) for 2 weeks (D, 
n=5). E and F, AMPK phosphorylation analysis in mature 3T3-L1 adipocytes with CHIR treatment (10 µmol/L) for indicated time points (E, 
n=6) and in eWAT from male obese GSK3βADKO and GSK3βADKO+CC mice (F, n=5). G, Whole-mount CD31 staining and CD31-positive area 
quantification from male obese GSK3βADKO and GSK3βADKO+CC mice (n=5). H through J, Representative images of hypoxyprobe staining of 
eWAT and quantification of staining (H, n=5), hematoxylin and eosin staining of eWAT (I) and CLS quantification (J, n=5) from male obese 
GSK3βADKO and GSK3βADKO+CC mice. K, A simplified scheme to represent how GSK3β regulates adipose tissue vasculature of obese mice. The 
absence of GSK3β in adipocytes initiates the AMPK/HIF-2α/VEGF/VEGFR2 axis, which orchestrates an expansion of the vasculature within 
obese adipose tissue. Consequently, this phenomenon leads to a significantly improved local microenvironment in obese adipose tissue, resulting 
in reduced inflammation and a notable improvement of obesity-associated metabolic complications. Scale bar=100 µm. B and D, One-way 
ANOVA and Tukey post hoc test; E, repeated ANOVA and Bonferroni post hoc test; F through I, nonparametric test.
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recognized not only for enhancing insulin sensitivity but 
also for promoting vascularity in AT, facilitating communi-
cation among adipocytes, adipocyte progenitor cells, and 
endothelial cells to stimulate the recoupling of adipogen-
esis and angiogenesis, thereby remodeling obese AT. 
Consistently, our data demonstrate an elevated adipo-
genic potential, particularly in sWAT with GSK3β deletion. 
This suggests that GSK3β deficiency may enhance vas-
culature, creating more niches for adipocyte progenitors 
and promoting adipogenesis. This indicates a preference 
for hyperplasia over hypertrophy in the sWAT of obese 
GSK3βADKO mice, resulting in improved metabolic ben-
efits. In the eWAT, while the adipogenic potential of pro-
genitor cells is not significantly enhanced, the decrease 
in hypertrophic cell numbers and the slight increase in 
smaller cells may be due to reduced inflammatory cell 
death in the eWAT of obese GSK3ADKO mice, at least par-
tially, leading to enhanced AT function. These findings 
not only account for the observed increase in the sWAT 
to eWAT ratio but also indicate that AT remodeling shifts 
unhealthy adipocyte function toward a healthier state in 
GSK3βADKO mice. Consequently, these processes lead to 
a reduction in inflammation, hypoxia, and fibrosis in the 
AT microenvironment, potentially enhancing insulin sen-
sitivity and improving systemic metabolic outcomes.

Induced AT vasculature by the VEGF/VEGFR signaling 
pathway was reported to counteract obesity-associated  
metabolic disorders.16,20,23,24 However, contradictory find-
ings have emerged about the effects of anti-angiogenic 
agents on metabolism and obesity prevention in mouse 
models.17,67,68 These discrepancies may be attributed 
to the widespread impact of these systemic inhibitory 
approaches on metabolically significant non-ATs, affect-
ing energy expenditure and food intake, thereby influ-
encing the entire body’s metabolism. The consequences 
of angiogenic modulation also vary depending on con-
text. Stimulated vascularization during AT expansion, 
as in our model, benefits metabolism and offers potent 
protective effects. Conversely, anti-angiogenic activity in 
preexisting obesity improves metabolism by eliminating 
dysfunctional proinflammatory adipocytes.20 In addition, 
it has been reported that the microenvironmental con-
text, rather than the total dosage of total VEGF, is a key 
determinant of whether VEGF-induced angiogenesis is 
normal or abnormal.69 This further emphasizes the impor-
tance of changes in VEGF levels within the AT microenvi-
ronment, such as those reported herein, which may have 
varying effects on systemic metabolism. Notably, in our 
analysis, VEGF levels were all endogenous and presum-
ably only affected by the local AT depletion of GSK3β. All 
other feedback systems were intact.

AT undergoes hypoxia in response to obesity. This 
hypoxic environment, similar to what is observed during 
tumor growth, is thought to induce the expression and 
release of pro-angiogenic factors, including VEGF, medi-
ated by HIF-1α. However, in obese AT, the response to 

hypoxia via HIF-1α may be inadequate to facilitate com-
pensatory angiogenic expansion.53 Overexpression of 
HIF-1α in AT does not lead to a pro-angiogenic response 
or increased VEGF expression levels,70 indicating that 
adipocytes may rely on alternative HIF-1α-independent 
mechanisms to induce VEGF expression and angio-
genesis. Emerging research suggests that HIF-1α and 
HIF-2α have distinct target genes and play unique roles 
in cellular processes.71–73 They differ in their functions 
and effects on metabolic diseases and AT homeosta-
sis.74–77 In AT, HIF-1α contributes to fibrosis, inflamma-
tion, and systemic metabolic disorders,70,74,78,79 whereas 
HIF-2α may reduce inflammation and improve insu-
lin resistance.70,74,75,79,80 It is reasonable to suspect that 
HIF-1α and HIF-2α play distinct roles in regulating AT 
vasculature, potentially by regulating VEGF or through 
other mechanisms. Our study revealed that GSK3β defi-
ciency in adipocytes may promote VEGF expression by 
regulating the expression and nuclear accumulation of 
HIF-2α.

Furthermore, our investigation uncovered that the 
inhibition of AMPK activity hindered the nuclear trans-
location of HIF-2α, which is triggered by the adipocyte-
specific deficiency of GSK3β. The nuclear translocation 
of HIF-2α is a crucial event in the transcriptional regula-
tion of its target genes, such as VEGF, in adipocytes. Our 
findings showed that HIF-2α enhances VEGF/VEGFR2 
signaling, mediating interactions between adipocytes 
and neighboring endothelial cells to promote vascu-
larization within AT. Previous studies have emphasized 
the importance of phosphorylation in the activation and 
subsequent nuclear translocation of HIF-2α.61,62 Our 
results indicate that GSK3 inhibition or ablation results 
in increased HIF-2α phosphorylation, which is subse-
quently reduced upon AMPK inhibition. Given the limited 
availability of site-specific HIF-2α phosphorylation anti-
bodies, we assessed the total phosphorylation levels of 
tyrosine, serine, and threonine residues of HIF-2α. How-
ever, it remains unclear whether AMPK directly phos-
phorylates HIF-2α or if other downstream effectors of 
AMPK mediate its phosphorylation. Further analyses are 
necessary to identify the specific phosphorylation site(s) 
of HIF-2α and to elucidate the underlying mechanisms 
involved in the modulation of different sites phosphory-
lated by GSK3β and other kinases.

In conclusion, our findings shed light on the signifi-
cance of the novel GSK3β/AMPK/HIF-2α/VEGF/
VEGFR2 cascade axis in mediating the crosstalk 
between adipocytes and endothelial cells within AT 
during obesity. This axis plays a crucial role in regu-
lating vascularization and modulating the deteriorated 
microenvironment of obese AT, thereby influencing 
inflammation and insulin sensitivity. Our study high-
lights the potential therapeutic implications of targeting 
this signaling axis to combat obesity-related metabolic 
complications.
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