Redox Biology 69 (2024) 103013

Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

ELSEVIER

Endothelial TET2 regulates the white adipose browning and metabolism via
fatty acid oxidation in obesity

Yefei Shi®', Xinru Huang ™', Yanxi Zeng®', Ming Zhai“, Hongyun Yao ", Chang Liu®, Bo Li®,
Shiyu Gong?, Qing Yu a Jianhui Zhuang ? Yifan Zhao?, Liesheng Lu‘, Bo Zhou®,
Weixia Jian ™", Wenhui Peng ™"

@ Department of Cardiology, Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai, China

Y Department of Endocrinology, Xinhua Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China

¢ Eye Institute and Department of Ophthalmology, Eye & ENT Hospital, Fudan University, Shanghai, China

4 Department of Endocrinology and Metabolism, Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai, China
¢ Department of General Surgery, Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai, China

ARTICLE INFO ABSTRACT

Keywords: Obesity is a complex metabolic disorder, manifesting as excessive accumulation of body fat. Ten-Eleven
TET2 Translocation-2 (TET2) has garnered significant attention in the context of obesity due to its crucial role in

Obesity d oxidati epigenetic regulation and metabolic homeostasis. In this study, we aimed to investigate the effect of endothelial
gi/t[?;am oxidation TET2 on obesity and explore the potential mechanism. We generated endothelial cell-specific TET2 deficiency
NRF2 mice and investigated endothelial TET2 using transcriptomic and epigenomic analyses. We determined the

downregulation of endothelial TET2 in white adipose tissues. Furthermore, we identified that endothelial TET2
loss aggravated high-fat diet-induced obesity by inhibiting vascularization and thus suppressing white adipose
tissue browning. Mechanistically, endothelial TET2 modulates obesity by engaging in endothelial fatty acid
oxidation and angiocrine-mediated secretion of bone morphogenetic protein 4 (BMP4), in which nuclear factor-
erythroid 2-related factor 2 (NRF2) serves as a key mediator. Our study reveals that endothelial TET2 regulates
white adipose tissue browning by interacting with NRF2 to facilitate fatty acid oxidation and lipolysis in
adipocytes.

and signaling molecular production [4,5]. Consequently, this compro-
mised microenvironment triggers adipocyte dysfunction and instigates
insulin resistance.

1. Introduction

Obesity, a multifaceted metabolic disorder, manifests as the exces-

sive accumulation of body fat, precipitating a range of chronic compli-
cations, such as cardiovascular disease, type 2 diabetes mellitus, and
cancer [1,2]. The global prevalence of obesity has surged dramatically
as population aging, presenting a significant public health challenge [3].
Notably, obesity is characterized by the substantial expansion of adi-
pocytes, disrupting the equilibrium of adipokine secretion, provoking
chronic inflammation, and fostering tissue fibrosis. Within the context of
obesity, adipose tissue remodeling commonly entails a reduction in
capillary density, which impairs oxygen delivery, nutrient absorption,

Endothelial cells (ECs) are extensively distributed throughout the
body, forming a pivotal interface between the bloodstream and tissues.
This interface enables the precise detection of environmental cues,
efficient nutrient transport, and the integration of signaling from
neighboring tissues [6]. Given the powerful function of ECs in blood
vessels, vascular therapy targeting ECs is a potential treatment for
obesity [7]. Accordingly, Kai Sun et al. demonstrated that the local
up-regulation of vascular endothelial growth factor (VEGF) in adipose
tissue could improve high-fat diet (HFD)-induced weight gain via
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angiogenesis [8]. Grunewald et al. also revealed that age-associated
adverse alterations in adipose tissue were ameliorated by VEGF treat-
ment, where VEGF functioned as an angiogenic stimulator [9]. Despite
their indispensable role, ECs remain unknown as to their specific con-
tributions in regulating systemic metabolism and their possible
involvement in metabolic disorders.

Ten-Eleven Translocation 2 (TET2), an epigenetic regulator, facili-
tates DNA demethylation by converting 5-methylcytosine to 5-hydroxy-
methylcytosine [10,11]. Mutations in the TET2 gene are frequently
found in clonal hematopoiesis of indeterminate potential [12,13], and
dysfunction of myeloid TET2 exacerbates insulin resistance in aging and
obesity [14]. Our previous study showed that endothelial TET2 could
regulate angiogenesis and improve the prognosis of ischemic diseases.
However, it remains unclear whether the functional deficiency of
endothelial TET2 can also influence obesity and insulin resistance.

In this study, we performed a comprehensive experiment on the
involvement of endothelial TET2 in obesity. Our findings elucidated that
the deficiency of TET2 in ECs led to a decline in the proliferation of the
vascular compartment within the white fat tissue (WAT), consequently
exacerbating adiposity. Through endothelial fatty acid oxidation (FAO),
endothelial function is intertwined with adipocyte biology. We present
compelling evidence that highlights the significance of TET2/FAO
metabolic axis in obesity.

2. Material and methods
2.1. Animals

Mice were maintained under controlled conditions of temperature
(25 £ 1 °C) and humidity-controlled facility under a reversed 12 h dark/
light cycle. C57BL/6J mice were purchased from Vital River Laboratory.
CDH5Cre mice (B6-Cdh5™UCre/ERT2) /Begen) were purchased from
Biocytogen Co., Ltd. TET2-floxed mice (B6; 129S-Tet2™1-112ai /1) yere
purchased from the Jackson Laboratory. CDH5Cre (+) mice and TET2-
flox/flox 15ce continuously bred to obtain CDH5Cre (+)-TET2flox/flox
mice, and tamoxifen (75 mg/kg body weight, Cat#T5648, Sigma-
Aldrich) was injected for 5 consecutive days to acquire endothelial
cell-specific TET2 knockout (TET2ECKO) mice. 8-week-old TET2{lox/flox
(referred to as wild type, WT) and TET2E¢X© male mice were fed with
either a standard chow diet or HFD, containing 60 kcal% fat (D12492,
Research Diets) for 16 weeks. Subcutaneous adipose tissue (SAT) from
the inguinal region and visceral adipose tissue (VAT) adjacent to the
epididymis of mice were taken for study. Mice were anaesthetized with
isoflurane (2 %) through nose inhalation for the duration of the surgeries
and with COy for euthanasia. All the animal experiments were con-
ducted in accordance with the National Research Council’s Guide for the
Care and Use of Laboratory Animals, and were approved by the Animal
Care and Use Committee of Shanghai Tenth People’s Hospital (Approval
NO. SHDSYY-2020-2149).

2.2. Human samples

All participants were given informed consent prior to the inclusion
and this study was conformed to the principles outlined in the Decla-
ration of Helsinki. The Ethics Committee of the Tenth People’s Hospital
in Shanghai approved this study (Approval NO. SHSY-IEC-5.0/23KY13/
PO1). We recruited 7 young individuals with a normal BMI (Age, 34.7 +
2.3 years; BMI, 22.9 + 1.1 kg/m?, mean + SEM), 10 young individuals
with obesity (Age, 28.1 + 1.6 years; BMI, 43.0 + 2.9 kg/m?, mean +
SEM) and 9 old individuals with a normal BMI (Age, 72.2 + 5.5 years;
BMI, 22.3 + 2.5 kg/mz, mean + SEM). The characteristics of patients
were listed in Supplementary Table 1. Adipose tissues of the obese group
were taken from patients who underwent fat reduction surgery at the
Weight Loss Center of the Shanghai Tenth People’s Hospital, while the
elderly and non-obese groups were taken from patients who underwent
cholecystectomy for gallstones in the Hepatobiliary Department of the
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Shanghai Tenth People’s Hospital. Human SAT was taken from the pa-
tient’s abdominal subcutaneous tissue, while VAT was taken from the
patient’s omental adipose tissue. Exclusion criteria were previous bar-
iatric surgery, tumor cachexia, severe liver and kidney dysfunction, and
severe inflammation.

2.3. Body composition and energy balance measurement

A magnetic resonance imaging technique (EchoMRI Body Composi-
tion Analyzer E26-245-M) was used to determine murine body compo-
sition. Each mouse was scanned for 1-2 min without anesthesia. Total
fat mass and total lean mass were further calculated to compare the
differences between different genotypes. To conduct the energy balance
measurement, we allocated three days to house the mice in metabolic
cages under controlled lighting and temperature conditions. Food and
water were freely available. Using metabolic cages, food intake, physical
activity, respiratory exchange ratio, and energy expenditure were
measured.

2.4. Glucose tolerance test and insulin tolerance test

A glucose tolerance test was performed on mice following a 12-h fast
and intraperitoneal administration of glucose (2 g/kg body weight)
intraperitoneally. Glucose levels were measured at 0, 15, 30, 60, 90 and
120 min by sampling from the tail vein. An insulin tolerance test was
conducted on mice after fasting for 6 h. Intraperitoneal insulin (0.75 U/
kg body weight) was administered and blood glucose levels were
monitored at 0, 15, 30, 60, 90, and 120 min in the experiment.

2.5. RNA isolation and RT-qPCR

Total RNAs were extracted from cells and tissues using TRIzol Re-
agent (Cat#15596026, Invitrogen). 1 pg total RNA was reversely tran-
scribed using HiScript III RT SuperMix (Cat#R323, Vazyme), and cDNAs
were used for qPCR analyses (Roche LightCycler96) using the primers
listed in Supplementary Table 2.

2.6. DNA isolation and methylation-specific PCR (MSP)

Genomic DNA was isolated using TIANamp Genomic DNA Kit
(Cat#DP304, TianGen). The isolated DNA was treated with sodium
bisulfite and MSP reactions were carried out using TaKaRa Ex Taq® Hot
Start Version (Cat#RR006, Takara). The primers used for MSP were
listed in Supplementary Table 2.

2.7. Histology, immunofluorescence and immunohistochemical analysis

Tissues from mice were embedded in paraffin wax, cut into sections,
and then deparaffinized. Then specimens were stained with hematoxylin
and eosin (H&E). Tissue sections were incubated in 10 % goat serum and
0.5 % Triton-X 100, and stained by primary antibodies (listed in Sup-
plementary Table 3). DAPI (1:5000, Vector Laboratories) was used to
stain the cell nuclei. Adipose cells and frozen liver sections were stained
with Oil Red O for hydrophobic and neutral lipids, and the nuclei were
then stained with hematoxylin. Images were obtained using the
Olympus IX83 fluorescence microscope (Olympus Corporation, Japan).
The positive area values of sections were quantified by ImageJ software
(v1.52a, National Institutes of Health).

2.8. Western blot analysis

Cell and adipose samples were lysed in Cell Lysis Buffer (Cat#9803s,
Cell Signaling Technologies) and quantified using the BCA Protein
Quantification Kit (Cat#20201ES76, Yeasen). A total of 30 pg protein
was separated by SDS-PAGE and then transferred onto PVDF mem-
branes. The membranes were blocked at room temperature for 1 h, then
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incubated with primary antibodies at 4 °C overnight. On the second day,
the membranes were incubated with HRP-conjugated secondary anti-
bodies at room temperature for 1 h and exposed to ECL exposure solu-
tion (Cat#180-5001, Tanon). Then, using the Amersham Imager 600
system (GE Healthcare, USA) to develop the membrane. The primary
and secondary antibodies used were listed in Supplementary Table 3.

2.9. CL316243, BMP4 recombinant protein, acetate and adenovirus
injection

To administer p (3)-adrenaline receptor agonist treatment,
CL316243 (1 mg/kg, HY-116771A, MedChemExpress) was injected
intraperitoneally into 8-week C57BL6/J mice for 7 consecutive days. For
gain of function, BMP4 recombinant protein (50 pg/ml, HZ-1045, Pro-
teintech) was injected point-to-point into 3 sites of SAT with a micro
syringe, sham operation was performed in the control group. Acetate
(20 mM, Cat#S2889, Sigma-Aldrich) was injected point-to-point into 3
sites of SAT with a micro syringe, sham operation was performed in the
control group. For adenovirus (Ad) injection, AANC or Ad-TET2 (1ot
PFU/ml) was injected into the SAT of mice. Each SAT was injected with
3 spots.

2.10. Cell culture and stimulation

Human umbilical vein endothelial cells (HUVECs), purchased from
Sciencell Research Laboratories (Cat#8000, ScienCell), were cultured in
ECM (Cat#1001, ScienCell) supplemented with 5 % FBS (Cat#0025,
ScienCell), 1 % ECGS (Cat#1052, ScienCell) and 1 % P/S (Cat#0503,
ScienCell) at 37 °C in 5 % CO,. HUVECs were stimulated with p-glucose
(33.3 mM, Cat#G8644, Sigma-Aldrich), tumor necrosis factor (TNF-a,
10 ng/ml), lipopolysaccharide (LPS, 100 ng/ml, Cat#L3024, Sigma-
Aldrich), phorbol myristate acetate (PMA, 100 nM, Cat# S1819, Beyo-
time Biotechnology), and palmitic acid (PA, 100 pM, Cat#P5585,
Sigma-Aldrich) for 48 h. Human embryonic kidney 293 T (HEK293T,
Shanghai Zhongqiaoxinzhou Biotechnology) cells were cultured in
DMEM with 10 % FBS and 1 % P/S.

2.11. siRNA knockdown and plasmid transfection

Small interfering RNAs (siRNAs, 50 nM) were transfected into
HUVECs using jetPRIME (Cat#114, Polyplus-transfection) according to
the introduction. The sequences of siRNAs were listed in Supplementary
Table 2. The plasmids of TET2 and NRF2 were constructed by Shanghai
Genomeditech Co., Ltd. and transfected into HEK293T using Lipofect-
amine 2000 (Cat# 11668027, Invitrogen).

2.12. Induction of adipocytes and indirect contact co-culture with ECs

3T3-L1 cells (Shanghai Zhongqiaoxinzhou Biotechnology) were
cultured in DMEM with 10 % FBS and 1 % P/S. After post-confluence,
cells were incubated with medium (DMEM with 10 % FBS and 1 % P/
S) containing inductive agents (10 pg/ml insulin, 1 pM dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine and 1 pM rosiglitazone) for 2 days.
Then mature adipocytes were cultured in DMEM medium with 10 pg/ml
insulin for the following 7 days. For cell co-culture, bEnd.3 cells were
seeded in the upper chambers (Cat#3412, Corning) and transfected with
adenoviruses for 2 days. Then bEnd.3 cells were transferred to a culture
plate containing mature adipocytes and co-cultured for 48 h.

2.13. In vivo WAT explants and free fatty acid (FFA) assay

Fresh white adipose tissues from mice were collected in precooled
DMEM (containing 1 g/L glucose and 0.5 % FFA-free BSA) and cut into
small pieces. 25 mg of samples were placed in 24-well plates with 500 pl
of DMEM (containing 1 g/L glucose and 0.5 % FFA-free BSA) and
incubated at 37 °C. For FFA determination, aliquots of media were taken
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at 0 and 120 min. FFA concentration was qualified using Free Fatty Acid
Test Kit (Cat#ml092765, Enzyme-linked Biotechnology) following the
manufacturer’s instruction.

2.14. Human adipokine assay

The Human Adipokine Array Kit (Cat#ARY024, R&D Systems) was
used to measure the levels of adipokines in supernatants in accordance
with the manufacturer’s instructions. Nitrocellulose membranes,
spotted with capture and control antibodies, were incubated in array
block buffer at room temperature for 1 h. Samples were mixed with
reconstituted human adipokine detection antibody cocktail and incu-
bated at room temperature for 1 h. Next, the mixtures were incubated
with the membrane overnight at 4 °C. After washing 3 times, the
membrane was incubated in 2 ml diluted streptavidin-HRP for 30 min at
room temperature. At last, the membrane was exposed by the Amersham
Imager 600 system (GE Healthcare, USA).

2.15. ELISA assay

Insulin, BMP4 and global DNA methylation levels were measured by
murine INS ELISA kits (Cat#YCQZ-10385, YC Bio), murine BMP4 ELISA
kits (Cat#EK0316, Boster), and Global DNA Methylation-LINE-1 Kit
(Cat#55017, Active Motif) respectively. Firstly, the standard product,
samples and HRP-conjugated streptavidin were added into designated
wells and incubated at 37 °C for 1 h. After washing, the substrate so-
lution was added to the wells and incubated at 37 °C for 15 min. Finally,
absorbance optical density was read at 450 nm using a microtiter plate
reader (SpectraMax i3, Molecular Devices).

2.16. GSEA

Gene set enrichment analysis (GSEA, version 4.1.0) was used to
determine whether the gene-defined genomes between HUVECs trans-
fected with control siRNA and TET2 siRNA under hypoxia for 48 h were
statistically significant. RNK file based on genes’ log2Fold-Change and -
log10P.value was constructed. GSEA was performed using a default al-
gorithm of 1000 permutations, with a minimum term size of 15 and a
maximum term size of 500. HALLMARK was collected from the Molec-
ular Signature Database 3.0. and used as our annotated gene set.
Enriched gene sets were assigned according to normalized p value <
0.05 and FDR q value < 0.25 (Accession Number: GSE200080).

2.17. Co-immunoprecipitation

HUVECs or HEK293T were lysed with cell lysis buffer (Cat#9803,
Cell Signaling  Technologies) with protease inhibitors
(Cat#04693159001, Roche) and quantified using the BCA Protein
Quantification Kit (Cat#20201ES76, Yeasen). 500 ug protein was
incubated with the primary antibodies at 4 °C overnight. Subsequently,
the cell lysate was purified with 20 pl protein A/G agarose (Cat#sc-
2003, Santa Cruz) at 4 °C for 4 h. The resulting protein was used for
western blotting. The antibodies were listed in Supplementary Table 3.

2.18. CUT & tag assay

CUT & Tag of HUVECs was operated by Hyperactive Universal CUT
& Tag Assay Kit for Illumina (Cat#TD903, Vazyme) as described pre-
viously with minor modifications [15]. A total of 1 x 10° cells were
washed twice gently with wash buffer, then 10 pl concanavalin A-coated
magnetic beads were added to each sample and incubated at room
temperature for 10 min. After discarding the unbound cells, the bound
cells were mixed with an anti-TET2 antibody (1:100, ab230358, Abcam)
or rabbit normal IgG antibody (1:200, Cat#2729, CST) and incubated at
4 °C overnight with rotation. Next, cells were incubated in a secondary
antibody, which was diluted in DIG wash buffer at room temperature for
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1 h, and washed 3 times in DIG wash buffer. The beads were incubated
with a pA/G-Tnp adapter complex (0.04 pM) at room temperature for 1h
with rotation and washed 3 times in DIG-300 buffer. DNA was purified
using phenol-chloroform isoamyl alcohol extraction and ethanol pre-
cipitation. To amplify the library, 15 pl purified DNA was mixed with 5
pl of a universal i5 and a uniquely barcoded i7 primer. A volume of 25 pl
2 x CUT & Tag amplification mix was added and mixed. The sample was
placed in a PCR thermal cycler with a heated lid using the following
program: 72 °C for 3 min; 95 °C for 3 min; 18 cycles of 98 °C for 10 s and
60 °C for 5 s; final extension at 72 °C for 1 min and hold at 4 °C.

2.19. Statistical analysis

Data in this study were shown as the mean + SEM (Standard Error).
Unpaired Student’s two-tailed t-test was used to compare the two groups
of samples if data had equal variance and Mann-Whitney test was used
to analyze if data had unequal variance. One-way or two-way ANOVA
was used to determine statistical significance for more than two groups
of samples. P < 0.05 was considered statistically significant. All statis-
tical analysis was performed using GraphPad Prism (v6.01, GraphPad
Software).

3. Results
3.1. TET2 expression in adipose ECs is reduced by obesity

To determine in which organ ECs may play an important role, we
first analyzed the single-cell profiling of Olga Bondareva et al. [16],
which contained ECs of multiple organs in HFD-induced obesity model,
including brain, heart, lung, kidney, liver, SAT and VAT (Fig. 1A). The
analyzed results indicated that the number of ECs in SAT and VAT
increased significantly with the development of obesity (Fig. 1B).
Meanwhile, ECs in adipose tissue, including SAT and VAT showed the
most different expression genes (Fig. 1C), which suggested that an
epigenetic regulator may play a crucial role in this progress. As our
previous study, TET2 could play the role of DNA demethylase in regu-
lating gene expression in ECs [17]. To investigate the presence of
aberrant endothelial TET2 expression in adipose tissue, we conducted
TET2 staining on adipose tissue from mice with HFD-induced obesity. As
expected, the expression of TET2 was decreased in SAT (Fig. 1D and E)
and VAT (Fig. 1F and G) from HFD-induced obese mice, and TET2 was
significantly colocalized with the EC marker (IB4). We further observed
the downregulation of TET2 in SAT (Fig. 1H and I) and VAT (Fig. 1J and
K) from obese patients. Similarly, comparable reduction of TET2 was
found in aging mice (Supplementary Figs. STA-D) and people (Supple-
mentary Figs. SIE-H). Consistent with the in-vivo experiments, TET2
expression was reduced in HUVECs after stimulation with glucose,
TNF-a, LPS, PMA or PA (Fig. 1L and M). Because Akt and eNOS phos-
phorylation were the pivotal pathways of insulin sensitivity, the phos-
phorylated levels of AKT and eNOS were examined in HUVECs
transfected with or without TET2 siRNA. TET2 knockdown inhibited the
phosphorylation of AKT and eNOS (Fig. 1N and O). These data suggested
that endothelial TET2 was reduced in obesity.

3.2. Loss of endothelial TET2 aggravates HFD-induced obesity

To examine the effect of endothelial TET2 on metabolism, we
generated endothelial-specific TET2 deficiency mice (TET2ECKO)
(Fig. 2A) and identified the genotypes by PCR (Fig. 2B). ECs
(CD311CD457), non-ECs of stromal vascular fraction (SVF) and mature
adipocyte fraction (MAF) were sorted from SAT (Supplementary
Fig. S2A) and we confirmed that TET2 expression was successfully
reduced by tamoxifen (Fig. 2C) without influence on TET1 or 3 (Sup-
plementary Fig. S2B) in ECs, as well as no influence on TET2 in MAF
(Supplementary Fig. S2C) and non-ECs of SVF (Supplementary
Fig. S2D). It was further confirmed by immunofluorescence that TET2
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was significantly decreased in ECs in SAT and VAT (Supplementary
Figs. S2E-H). Then, HFD was used to mimic a fast-food diet and insulin
resistance in humans. Consistent with previous study [18], wild-type
(WT) mice fed with HFD gained more weight than mice with a chow
diet over time. In chow diet group, no noticeable distinctions were
observed in terms of body weight, organ weight, food intake, fasting
glucose levels or triglycerides between WT mice and TET2ECXO mice
(Supplementary Figs. S3A-E). Following 16 weeks of HFD, TET2E¢ KO
mice exhibited a significant weight gain, compared with WT mice
(Fig. 2D and E). Interestingly, TET2E¢%° mice had a remarkable dif-
ference in body weight accompanied by an increase in body fat mass and
a decrease in lean mass (Fig. 2F). In addition to being highly sensitive to
HFD-induced obesity, TET2E¢ X0 mice showed more severe glucose
intolerance and insulin resistance (Fig. 2G and H). We further assessed
the weights of the major metabolic organs and revealed that the
increased weights of SAT and VAT exhibited the most noticeable
changes (Fig. 21 and J). Surprisingly, we found that endothelial TET2
deficiency exacerbated obesity induced by HFD.

3.3. Endothelial TETZ2 deficiency disrupts metabolism and WAT browning
in HFD-induced obesity

To determine how the deficiency of endothelial TET2 aggravates
obesity, we monitored the factors involved in obesity, including nutri-
tional uptake, energy consumption and metabolic rate in the mouse
model. Of note, there were no differences in food or water intake and
locomotor activity (Supplementary Figs. S4A-F). Although plasma in-
sulin level was also an important factor in obesity [19], the insulin levels
of WT and TET25¢X° mice were similar (Supplementary Fig. S4G).
Furthermore, the metabolic levels of mice were investigated to explain
the deteriorated metabolic phenotype. Interestingly, there were lower
rates of oxygen consumption (VO3), carbon dioxide production (VCOy),
and energy expenditure in the TET2E¢X° mice in both light and dark
cycles (Fig. 3A-C). It was determined that the deficiency of endothelial
TET2 disrupts the metabolism.

Considering that SAT and VAT had the most significant variation in
weight, we hypothesized that white adipose tissue played a major role in
this metabolic phenotype. We further found that the sensitivity of SAT
and VAT to insulin was worsened in the TET2F¢ X0 mice (Fig. 3D and E).
Previous studies demonstrated that TET2 could regulate inflammation
in some diseases, such as atherosclerosis [20], heart failure [21] and
gout [22]. Therefore, the effect of endothelial TET2 deletion on adipose
inflammation in obese mice was examined. First, macrophage content
indicated by Mac2 staining in SAT and VAT was not significantly
changed in TET2E¢X° mice under HFD (Supplementary Figs. S5A and
B). Second, the M1 and M2 markers of macrophage were examined using
qPCR. The deficiency of TET2 in ECs did not significantly change the
expression of the macrophage M1 or M2 markers in SAT and VAT
(Supplementary Figs. S5C and D). To determine the effect of endothelial
TET2 deficiency on WAT, the browning phenotypes of SAT and VAT
were assessed. We found an increase in the adipocyte area of SAT and
VAT, as well as a decrease in the density of blood vessels and the
expression level of UCP1 in TET2F¢ KO mice fed with HFD (Fig. 3F-I). In
addition, several hallmark genes governing browning and thermogen-
esis were also decreased, including UCP1, Cox8b and Ppargcla (Fig. 3J
and K). The p-adrenergic activator CL316243 is an activator of adipose
browning, which could induce adipose angiogenesis in SAT and VAT
[23,24]. It was also observed lower levels of browning in SAT and VAT
of TET2E¢"XO mice after treatment with CL316243 (Supplementary
Figs. S6A and B). The results suggested that the deficiency of TET2 in
ECs suppressed the metabolism and WAT browning.

3.4. Endothelial TET2 modulates lipolysis through secretion of BMP4

As the forefront of distribution and nutrient sensing, ECs could in-
fluence adipose browning through cytokines [25]. We hypothesized that
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Fig. 1. TET2 expression in adipose ECs is reduced by obesity. A, UMAP of single cell profile with each cell color-coded for ECs of each sample type. B, Numbers of
ECs in different organs with different times of HFD. C, Number of different expression genes in ECs from different organs with different times of HFD. D and F,
Representative images of SAT (D) and VAT (F) for staining with TET2 (green), IB4 (red) and DAPI (blue) from mice fed with chow diet or HFD for 16 weeks. Scale bar
= 50 pm. E and G, Quantification of IB4-positive area and number of cells (TET2, CD31 and DAPI triple-positive) in SAT (D) and VAT (F). n = 6 mice/group. H and J,
Representative images of SAT (H) and VAT (J) for staining with TET2 (green), CD31 (red) and DAPI (blue) from normal and obese people. Scale bar = 50 pm. I and K,
Quantification of CD31-positive area and number of cells (TET2, CD31 and DAPI triple-positive) in SAT (H) and VAT (J). n of normal group = 7 people, n of obese
group = 10 people. L, Western blot analysis of HUVECs treated with multiple stimulations. n = 3/group. M, Quantification of L. N, Western blot analysis of Akt and
eNOS phosphorylation in HUVECs transfected with Ctrl siRNA or TET2 siRNA. n = 3/group. O, Quantification of M. All data are mean + SEM. E, G, I, K, unpaired
Student’s t-test; M, one-way ANOVA with Bonferroni post hoc test; O, two-way ANOVA with Bonferroni post hoc test. *P < 0.05. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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the changed secretion of cytokines led to reduced lipolysis of adipocytes
in TET2E¢X° mice. To investigate this, we quantified the basal and
stimulated fatty acid secretion into the media of both WT and
TET2EC X0 mice (Fig. 4A). Explants from the SAT and VAT of TET2EC KO
mice exhibited a lower release of FFAs than WT mice (Fig. 4B and C).
Furthermore, the role of endothelial TET2 in adipocytes was verified in
vitro (Fig. 4D). After successful overexpression of TET2 in ECs (Fig. 4E)
and induction of adipocytes differentiation (Supplementary Figs. S7A
and B), we performed ECs co-culture experiments with 3T3-L1-induced
adipocytes. Adipocytes co-cultured with TET2 overexpressed ECs
exhibited reduced lipid droplets, as revealed by Oil Red O staining,
along with increased expression of lipolysis genes in adipocytes (Fig. 4F
and G). To find out which cytokine was regulated by TET2, a proteome
profiler adipokine array was conducted. The adipokine array assay
showed that BMP4 was the most significantly decreased cytokine in
TET2-silenced ECs (Fig. 4H and I). Meanwhile, the mRNA level of BMP4
was also decreased in ECs, accompanied by the knockdown of TET2
(Fig. 4J). In addition, we observed a decrease in the serum expression
level of BMP4 in TET2¢ X0 mice compared to WT mice (Fig. 4K). BMP4
is associated with numerous pathologies, including obesity, diabetes,
and related complications [26]. To determine whether BMP4 could
explain the metabolic effect of endothelial TET2 deficiency, we con-
ducted cell co-cultures of ECs and adipocytes, with or without recom-
binant BMP4 protein. The results showed that recombinant BMP4
protein slightly upregulated the expression level of lipolysis genes in
adipocytes, such as Lipe and Pnpla2 (Supplementary Fig. S7C). We
further orthotopically expressed BMP4 using recombinant protein in the
SAT of TET25¢ X0 mice subject to the CL316243 treated mice. The
successful overexpression of BM4 was first confirmed in WT mice
(Supplementary Fig. S8). To further prove that the loss of TET2 in ECs
leaded to reduced browning by inhibiting the secretion of endothelial
BMP4, recombinant BMP4 proteins were injected into the local adipose
tissue of TET25¢7XO mice treated with CL316243. Interestingly, the re-
covery of the browning phenotype was not observed (Fig. 4L and M).

3.5. TET2 regulates WAT browning via FAO in ECs

Although BMP4 was supplied in TET25¢X© mice, the browning of
WAT did not recover, especially the density of blood vessels. After
analyzing our previous RNA sequencing datasets (GSE200080), fatty
acid metabolism was found to be reduced in TET2 knockdown ECs
(Fig. 5A and B). We evaluated the expression of lipid catabolism-related
genes in adipose tissue with the deficiency of endothelial TET2. The
deficiency of endothelial TET2 resulted in the down-regulation of genes
associated with fatty acid transporters, which played a crucial role in
FAO and served as central regulators of cellular energy metabolic
pathways (Fig. 5C). As FAO was essential for EC proliferation [26,27],
the effect of TET2 on FAO in ECs was detected. With the silence of TET2,
the ability of ECs to use exogenous fatty acids for FAO was decreased,
which directly proved the regulation effect of TET2 on FAO (Fig. 5D).
TET2 is a demethylase that mainly regulates the methylation of gene
promoters [28]. So, we further screened the TET2-enriched DNA frag-
ments by CUT & Tag assay. 26.46 % of the TET2 binding sites were
promoters (Fig. 5E), and all the binding sites were mainly located in the
transcript start site (Fig. 5F and G). As carnitine palmitoyl transferase 1A

(CPT1A) was the rate-limiting enzyme of FAO, we investigated the
enrichment of TET2 in CPT1A. The result showed that TET2 was
significantly enriched in the promoter of CPT1A (Fig. 5H). Furthermore,
the expression level of CPT1A was significantly decreased with the
silence of TET2 in ECs (Fig. 5I). These results indicated that CPT1A was a
direct target of TET2. We further locally overexpressed TET2 in adipose
tissue (Fig. 5J). This resulted in increased browning of the adipose tissue
and this effect was completely inhibited by the FAO inhibitor, etomoxir
(Fig. 5K). At the same time, supplemented acetate (replaced the depleted
acetyl-CoA derived from FAO by metabolizing into acetyl-CoA) effec-
tively restored the vascular rarefaction caused by endothelial TET2
deficiency (Supplementary Fig. S9). These results suggested that TET2
regulated adipose tissue browning through CPT1A.

3.6. NRF2 recruits TET2 to regulate FAO

TET2 normally needs co-factors for binding to DNA, such as tran-
scription factors [29]. NRF2, nuclear factor erythroid 2-related factor 2,
has been confirmed as the essential for adaptative browning of white
adipocytes [30]. Previous studies also indicated that the activator of
NRF2 could alleviate HFD-induced obesity [31] and the interaction
between TET2 and KEAP1, which was the inhibitor of NRF2 [32]. This
prompted us to speculate whether TET2 could directly bind to NRF2 to
exert its metabolic function. First, the protein binding sites of TET2 and
NRF2 were predicted using Gramm-X (Fig. 6A). Then, the direct binding
was further confirmed by immunoprecipitation (Fig. 6B and C). In order
to elucidate the specificity of the TET2-NRF2 interaction, plasmids
containing different domains of TET2 and NRF2 were constructed
(Fig. 6D). The interaction between TET2 and NRF2 was detected in
ectopically expressed HEK293T cells (Fig. 6E and F). To further deter-
mine the binding sites of TET2 and NRF2, two deletion mutant plasmids
of TET2 were expressed with NRF2 in HEK293T cells. Co-IP analysis
revealed that the CD domain of TET2 was essential for NRF2 binding.
(Fig. 5G). Subsequently, we investigated their effects on DNA methyl-
ation. The results of ELISA assay showed that there was no difference in
global DNA Methylation with the silence of TET2 (Fig. 5H). MSP ex-
periments were further conducted to demonstrate that TET2 could
regulate the methylation of BMP4 and CPT1A promoters (Fig. 6I). To
determine the effect of NRF2 on regulating the expression of CPT1A and
BMP4, JASPAR was used to predict the binding sites of NRF2 and the
promoters of CPT1A and BMP4. The results showed that 3 sites of CPT1A
promoter and 2 sites of BMP4 promoter could be bound by NRF2
(Fig. 6J). In order to explore whether TET2 and NRF2 jointly regulated
BMP4 and CPT1A, we conducted further investigation. RT-qPCR anal-
ysis revealed that the effects of TET2-mediated activation of CPT1A and
BMP4 were significantly diminished following NRF2 knockdown
(Fig. 6K). Meanwhile, the effects of NRF2 activator, bardoxolone
methyl, were significantly inhibited by TET2 siRNA (Fig. 6L). Overall,
the above results demonstrated that TET2 regulated BMP4 and CPT1A
through recruitment of NRF2.

4. Discussion

ECs have been extensively investigated as integral constituents of
vascular structures, traditionally perceived as having a passive role in
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maintaining systemic metabolic equilibrium [33]. Targeting the vascu-
lature of adipose tissue has been proposed as a promising strategy for
treating metabolic disorders, such as obesity [34]. In our study, we
demonstrated that TET2 deficiency in ECs contributed to the

development of obesity in mice feeding with HFD. The TET25¢X° mice
exhibited reduced insulin sensitivity, vascularization, and browning of
adipose tissue. To clarify the underlying mechanisms, we identified that
TET2 played a critical role in regulating obesity by influencing
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Fig. 4. Endothelial TET2 modulates lipolysis through secretion of BMP4. A, Diagram of in vivo WAT explants assay. B and C, FFA level of SAT (B) and VAT (C)
obtained from WT or TET25¢X© mice at the time of 0 min or 120 min (n = 6 mice/group). D, Diagram of co-culture of bEnd.3 and adipocytes. E, qPCR analysis of
bEnd.3 after overexpressing TET2 by adenovirus. n = 3/group. F, Representative images of oil red O staining in adipocytes after co-culturing with TET2 overex-
pressed bEnd.3. Scale bars = 50 pm. G, qPCR analysis of lipolysis-related genes in adipocytes after co-culturing with TET2 overexpressed bEnd.3. n = 3/group. H, Cell
culture supernatants of HUVECs transfected with ctrl siRNA or TET2 siRNA were detected by human adipokine array kit. I, Relative mean pixel density of H was
calculated. n = 3/group. J, Relative mRNA levels of BMP4 in HUVECs transfected with Ctrl siRNA or TET2 siRNA. n = 3/group. K, Serum BMP4 level of WT and
TET2E¢XO mice with HFD for 16 weeks. n = 6 mice/group. L, Representative images of adipocyte morphology (H&E), microvessels (IB4, red), UCP1 staining in SAT
from WT or TET2E¢X° mice with or without local injection of BMP4 in CL316243-treated model. M, Quantification of L. n = 6 mice/group. All data are mean +
SEM. E, G, L, J, K, unpaired Student’s t-test. B, C, M, Two-way ANOVA with Bonferroni post hoc test. *P < 0.05. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

endothelial FAO and the secretion of BMP4, a signaling molecule that
directly impacted adipocytes through paracrine signaling. In mice with
TET2 overexpression, suppression of FAO using etomoxir leaded to
significant inhibition of vascularization and browning. Overall, our
findings reveal a novel mechanism through which the TET2-FAO
pathway regulates the function and metabolism of adipose tissue.

TET2, a member of the Ten-Eleven Translocation family, has
garnered significant attention in the context of obesity due to its crucial
role in epigenetic regulation and metabolic homeostasis [35-37]. TET2
functions as a DNA demethylase, catalyzing the conversion of 5-methyl-
cytosine to 5-hydroxymethylcytosine and further oxidized derivatives
[38,39]. Recent findings indicate that somatic TET2 mutations in he-
matopoietic cells, which occur with aging, contribute to the exacerba-
tion of insulin resistance in mice experiencing physiological aging as
well as diet-induced obesity [40]. Furthermore, TET2 of myeloid cells is
implicated in the regulation of adipogenesis and adipose tissue function,
thus influencing obesity development and metabolic complications [37,
41]. Our research takes a fresh perspective and enriches the study of
TET2 in obesity. As obesity progresses in its early stages, ECs exhibit
increased proliferation to accommodate tissue expansion. However, as
the disease further advances, the capacity of ECs to proliferate di-
minishes, and endothelial TET2 may play a critical role in this process.
Previous studies have found that TET2 deficiency in adipocytes disrupts
adipogenesis [41]. Here, we find that endothelial TET2 regulates
HFD-induced obesity by modulating white adipose browning and
lipolysis of adipocytes, which provides valuable insights into potential
therapeutic targets and strategies for managing obesity and its associ-
ated metabolic disorders. Further research is warranted to elucidate the
precise mechanisms underlying TET2-mediated effects and explore its
therapeutic potential in combating obesity.

Within the realm of obesity, endothelial FAO has emerged as a
pivotal metabolic process with significant implications [42]. Obesity is
characterized by an imbalance between energy intake and expenditure,
resulting in excess adipose tissue accumulation. This adiposity expan-
sion exerts detrimental effects on endothelial function and contributes to
the development of cardiovascular complications [43,44]. ECs line the
inner surface of blood vessels, playing a pivotal role in regulating
vascular homeostasis and metabolic processes [45]. Recent research has
shed light on the role of FAO in modulating the metabolic state of ECs,
indicating that FAO is essential for EC proliferation [46]. Our research
demonstrates that endothelial TET2 could directly regulate FAO by
sensing changes in the microenvironment of adipose tissue and modu-
lating the expression levels of CPT1A, which is the gate-keeper enzyme
for the entry of long-chain fatty acids into mitochondria [47,48]. Un-
derstanding the intricate interplay between endothelial FAO and
obesity-induced metabolic perturbations holds great potential for
developing strategies aimed at improving endothelial function and
metabolism.

Our study also reveals that endothelial TET2 not only regulates FAO
through CPT1A but also modulates the production of the FAO substrate
FFAs by regulating the secretion of BMP4. BMP4 is a signaling molecule
that has gained considerable attention in the field of obesity research
due to its intricate involvement in adipose tissue biology and metabolic
regulation [49-51]. Studies have revealed dysregulated expression and
activity of BMP4 in obesity, highlighting its significant role in
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adipogenesis, adipocyte function, and energy homeostasis [52]. BMP4 is
known to influence the differentiation of preadipocytes into mature
adipocytes, as increased BMP4 signaling promotes adipogenesis and
adipocyte maturation [53]. Furthermore, BMP4 has been shown to
modulate adipocyte metabolism by regulating lipid storage, lipolysis,
and glucose uptake [54]. Importantly, BMP4 signaling is not limited to
adipose tissue but also extends to other organs involved in metabolic
regulation, such as the liver [55,56]. Our study also identifies hepatic
lipid deposition in TET2E¢X© mice, which may be associated with the
decrease of BMP4 (Supplementary Fig. S5A). Previous studies have
suggested that BMP4 in adipose tissue is primarily secreted by adipo-
cytes [49]. However, we indicate that ECs are also an important source
of BMP4 and the results presented here connect the functions of BMP4
and TET2 in ECs during obesity. In response to the demands of EC
proliferation, ECs secrete BMP4 to promote the lipolysis of adipocytes,
thereby providing the FFAs required for ECs.

In contrast to TET1 and TET3, TET2 does not possess the CXXC DNA
binding domain, which necessitates recruitment by transcription factors
for its binding to DNA [29,30]. We further discover that NRF2 recruits
TET2 to regulate the methylation of CPT1A and BMP4 promoters. NRF2
is known for its critical role in cellular antioxidant defense and detoxi-
fication pathways [30,57]. Emerging evidence suggests that NRF2 also
plays a significant role in the regulation of adipose tissue homeostasis
and energy metabolism. Activation of NRF2 signaling has been shown to
attenuate adipocyte inflammation, oxidative stress, and insulin resis-
tance, thereby potentially protecting against obesity-related complica-
tions [58,59]. Helber et al. demonstrated that the NRF2 agonist,
dimethyl fumarate, could prevent obesity and adipocyte hypertrophy
[60]. This beneficial effect is likely attributed, at least in part, to the
action of endothelial cells. Combining our findings with Helber et al.,
this effect may be partially attributed to the action of NRF2 in ECs.

5. Conclusions

We reveal that endothelial TET2 can regulate WAT browning and fat
tissue metabolism by changing the demand of FAO in adipose tissue ECs
and regulating the lipolysis of adipocytes by BMP4 secretion from ECs.
This work contributes to understanding the roles of ECs in obese and
aging individuals, as well as the potential implication of TET2 in the
treatment of obesity.
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Fig. 6. NRF2 recruits TET2 to regulate FAO. A, Binding sites of TET2 and NRF2 were predicted using Gramm-X. Blue, TET2; Cyan, NRF2; Red, binding sites. B and
C, Lysate of HUVECs was immunoprecipitated with anti-TET2 antibody (B) or anti-NRF2 antibody (C) and then immunoblotted with the indicated antibodies. D
Schematic illustration of different plasmids of TET2 and NRF2. E and F, TET2-His and NRF2-Flag were ectopically expressed in HEK293T and the lysate of HEK293T
was immunoprecipitated with anti-His (E) antibody or anti-Flag antibody (F). G, NRF2 was ectopically expressed with different domains of TET2 HEK293T and the
lysate of HEK293T was immunoprecipitated with anti-Flag antibody. H, The 5-mC levels of HUVECs transfected with or without TET2 siRNA. n = 3/group. I, The
methylation status of BMP4 and CPT1A promoter in HUVECs treated with AANC or AATET2. J, Predict binding sites of NRF2 in the promoters of CPT1A and BMP4 by
JASPAR. K. qPCR analysis of the mRNA expression levels of CPT1A and BMP4 in HUVECs infected with TET2 adenovirus in presence or absence of NRF2 siRNA. n =
3/group. L. qPCR analysis of the mRNA expression levels of CPT1A and BMP4 in HUVECs treated with bardoxolone methyl in presence or absence of TET2 siRNA. n
= 3/group. All data are mean + SEM. E, Two-way ANOVA with Bonferroni post hoc test. *P < 0.05. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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