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BACKGROUND: Targeting intracellular lipolysis represents a therapeutic potential for treating metabolic disorders such as obesity.
Interleukin (IL)-33 has been shown to exert anti-obesity effects by reducing inflammation and restricting adipocyte hypertrophy.
METHODS: In this study, male mice on a high-fat diet (HFD) were treated with IL-33 once every 2 days for 2 weeks. 3T3-L1 cells
were treated with IL-33 to verify the down-stream effect of β1-AR activation on the adipose cells.
RESULTS: IL-33 treatment led to a reduction in adipose tissue mass and a decreased in lipid deposition in male mice with obesity,
accompanied by activation of β-adrenergic receptor (β-AR) signals. Immunostaining for tyrosine hydroxylase (TH) revealed an
increase of TH within the adipose tissue in male mice. Metabolomic analysis showed that IL-33 induced a distinct metabolic profile
in differentiated adipocytes, with significant changes in metabolites related to lipolysis pathways. Supplementation with β1-AR
inhibitor significantly inhibited IL-33-induced p-HSL and p-PKA activation. Compared to IL-33 alone, β1-AR inhibitor reduced
glycerol release and increased accumulation of lipid droplets. We also illustrated the fatty acids (FAs) process by tracking FA
trafficking, and found that the labeled FA localized lipid droplets (LDs) in mature adipocytes but shifted from LDs to mitochondria at
20 ng/mL IL-33.
CONCLUSION: We summarized that IL-33 regulated mature adipocyte metabolism and enhanced lipolysis in male mice via
activation of the β-AR/cAMP/PKA/HSL signaling pathway. However, given that sex is a significant determinant in obesity, future
studies should investigate potential sex-specific effects of IL-33 in metabolic regulation.
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INTRODUCTION
Obesity is the most prevalent chronic disease, representing a
major public health problem and economic burden [1]. Obesity
causes a disturbance in metabolic homeostasis and inflammatory-
immune response, which has been associated with several major
chronic illnesses such as type 2 diabetes, cardiovascular diseases,
non-alcoholic fatty liver disease, mental illnesses, and inflamma-
tory diseases [2–4]. More importantly, growing evidence demon-
strates that obesity increases the risk of developing several types
of cancer, and complicates their management, contributing to
global morbidity and mortality [5].
The white adipose tissues (WAT), as a multifactorial organ, play

an essential role for energy storage and hormone-producing
under physiological conditions [6]. WAT is largely composed of
adipocytes, and many other cell types including immune cells,
endothelial cells, and mesenchymal cells in both mice and
humans [7, 8]. The dynamic crosstalk between these different cell
types is necessary for whole-body metabolic homeostasis [7, 9].
During obesity, WAT expands inappropriately to store the surplus
energy by an increase in adipocyte numbers (hyperplasia) and/or
an enlargement of adipocyte size (hypertrophy) [10]. Adipocyte
hypertrophy results in lipid-engorged dysfunctional cells. These
contribute to numerous deleterious consequences, including
dysregulated secretion of cytokines, chemokines, and hormones,
as well as fibrosis, hypoxia, and impaired mitochondrial function
[11]. Adipocyte, approximately dominating one third of the cells
within adipose tissue, may represent a promising therapeutic
avenue.
Interleukin (IL)-33, a member of the IL-1 family of cytokines, has

been associated with preventing the development of obesity and
type 2 diabetes. In adipose tissues, IL-33 is primarily produced by
specialized mesenchymal cells and exerts its protective effect via
inducing a type 2 immune microenvironment [12]. IL-33 promotes
expansion of type 2 innate lymphoid cells (ILC2) and regulatory
T cells (Tregs) within adipose tissue to limit obesity [13–16]. ILC2s
enhance the expression of UCP-1 in WAT and, promoting WAT
browning, thereby ameliorating the obesity state [17]. Moreover,
IL-33 contributes to the polarization of macrophages towards an
M2 alternatively activated phenotype with reduced adipose mass
and fasting glucose [18].
In addition to a role of anti-inflammatory effects by acting on

immune cells within adipose tissues, studies also show IL-33 is a
direct player in adipocytes, by inhibiting the differentiation of 3T3-
L1 cells into mature adipocytes [19–21]. IL-33 stimulates the
expression of proinflammatory cytokines and fatty acid receptors
[22], while decreases the expression of adipogenic factors acetyl-
CoA synthetase 1 (AceCS1) and PPARγ [20], and glucose
transporter 4 (GLUT4) [23] in 3T3-L1 cells. These findings highlight
the importance of IL-33 in adipocytes. Unlike IL-33 for immune
cells, detailed mechanism of IL-33 on adipocytes remains poorly
understood, especially in the context of lipid metabolism in
mature adipocytes.
Adipocyte lipolysis contributes to the degradation of cellular

lipid stores, by converting triacylglycerol (TG) to diacylglycerol
(DG), and monoacylglycerol (MG), generating glycerol and fatty
acids (FAs) [24]. These processes are catalyzed by adipose
triglyceride lipase, hormone-sensitive lipase (HSL), and mono-
glyceride lipase (MGL), respectively [25]. Targeting lipolysis within
adipocytes represents a therapeutic opportunity for the treatment
of metabolic diseases. In this study, we show that IL-33 has clear
effect of initiating triglyceride lipolysis in adipocytes to limit
obesity. IL-33 increased distribution of sympathetic neurons, with
a dramatic increase expression of β1-adrenergic receptor (AR) in
adipose tissues. β1-AR-mediated PKA activity results in HSL
phosphorylation at Ser 563, which participates the effect of IL-33
on adipocytes to suppress glycerol release and lipid droplet
accumulation. Upon lipolysis, IL-33 promotes FAs transfer from
lipid droplet (LD) organelles to mitochondria, which in turn

regulates adipose tissue mass and attenuates lipid deposition and
prevents obesity in mice.

METHODS AND MATERIALS
Animals and experimental treatment
Male C57BL/6 mice (3–4 weeks old) were purchased from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. Ethical approval for all animal
experiments was obtained from the Research and Clinical Trial Ethics
Committee of the Experimental Animal Platform, School of Medical
Sciences, Zhengzhou University (Permit Number: ZZU-LAC20230310[11]).
The mice were randomly assigned to one of three groups: the normal diet
group (ND), the high-fat diet group (HFD), and the HFD+IL-33 treatment
group (IL-33) (n= 6 samples/group). The ND group was fed with a chow
diet for 13 weeks. The HFD and IL-33 groups were both fed with a high-fat
diet of 60% kcal (Research Diets, USA) for 13 weeks (compared to the
control group, HFD group exhibited a ≥20% increase in body weight), and
were intraperitoneally treated with sterile PBS or 500 ng IL-33 (BioLegend)
once every 2 days for 2 weeks. Experimental mice were kept in the specific
pathogen-free barrier facility with 12 h light/dark cycle with free access to
food and water. The ambient temperature was 22–26 °C and the relative
humidity was 50–70%. Body weight was measured once every 2 days
during the treatment period.

Cell differentiation and treatment
The 3T3-L1 mouse embryonic fibroblast (preadipocyte) cell line was
obtained from QuiCell (QuiCell-T105, QuiCell Biotechnology Co., Ltd,
Shanghai, China). The cells were maintained and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (G4511, Servicebio, Wuhan, China),
supplemented with 10% fetal bovine serum (A6901FBS, Invigentech, Irvine,
CA, USA) and 1% penicillin/streptomycin (G4003, Servicebio, Wuhan,
China) at 37 °C in 5% CO2. 3T3-L1 preadipocyte differentiation was induced
by adding a cocktail containing 10mg/ml insulin (TP1125, tsbiochem,
shanghai, China), 5 μM dexamethasone (T1076, tsbiochem, shanghai,
China), and 0.5 mM 1-methyl-3-isobutylxanthine (HY-12318, MCE, shang-
hai, China) for 4 days. Then the cocktail was replaced by a medium
containing only 10mg/ml insulin. After 4 days, differentiated 3T3-L1 cells
were cultured exclusively in DMEM with 10% FBS. To analyze the effect of
IL-33 on the lipid synthesis, differentiated 3T3-L1 adipocytes were treated
with 5, 20, 40, 60 or 80 ng/mL recombinant IL-33 (580504, Biolegend, San
Diego, US). Then, the cells and supernatants were collected for further
experiments.
To investigate the impact of IL-33 on the release of norepinephrine (NE)

in RAW264.7 cells (Purchased from QuiCell Biotechnology Co., Ltd.,
Shanghai, China). The cells were treated with recombinant IL-33 at
concentrations of 20, 40, 60, 80, or 100 ng/mL (580504, Biolegend, San
Diego, USA). Following the treatments, Supernatants were collected for
analysis and added to differentiated 3T3-L1 cells to analyze changes in
metabolic gene expression.

Immunohistochemistry (IHC) and immunofluorescence (IF)
Epididymal white adipose tissue (eWAT) was fixed overnight in 4%
paraformaldehyde and then embedded in paraffin for tissue sectioning.
The slides underwent antigen retrieval in 10mM sodium citrate with 0.05%
Tween-20 (pH 6.0) at 95–100 °C, then cooled to room temperature and
blocked. The slides were incubated with primary antibodies overnight at
4 °C. The following primary antibodies were used: anti-Phospho-
HSL(Ser563) (hormone-sensitive lipase) (1:200), anti-HSL (hormone-sensi-
tive lipase) (1:200), and anti-beta 1 adrenergic receptor (β1-AR) (1:200)
(Affinity, Jiangsu, China); anti-adipose triglyceride lipase (ATGL) (1:2000)
(Abcam, Boston, USA), anti-tyrosine hydroxylase (TH) antibody (1:200)
(Affinity, Jiangsu, China). The slides were then washed three times with TBS
and 0.1% Tween-20 (TBST). After washing, the sections were incubated
with secondary antibodies. For IHC, the slides were scanned with
panoramic slide scanner (GScan-20, Guangzhou, China). The average
optical density was measured using ImageJ. For IF, the cell nuclei were
counterstained with 4,6-diamidino-2-phenylindole (G1407, Servicebio,
Wuhan, China) for 3 min. Fluorescent images were captured using a
Pannoramic SCAN (3DHISTECH, Hungary).

Oil red O staining
For morphological determination of cell lipid content, 3T3-L1 cells were
washed with PBS and fixed with 4% paraformaldehyde for 30min. Then,
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cells were washed with 60% isopropanol for 20 s and stained with 60% oil
red O (G1015, Servicebio, Wuhan, China) solution for 30min in the dark.
Lipid droplet morphology was observed under a microscope after washing
these cells three times.

Western blot
RIPA buffer (G2002, Servicebio, Wuhan, China) containing 1 mM PMSF
(ST2573, Beyotime, Shanghai, China) and phosphatase inhibitor cocktails
(P-1260, Solarbio, Beijing, China) was used to extract total proteins from
the cells and tissues. Isolated total proteins were separated by 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (PG212,
Epizyme, Shanghai, China) and transferred to polyvinylidene difluoride
(PVDF) membranes (IPVH00010-J, Millipore, Darmstadt, Germany). Mem-
branes were blocked in 5% skim milk for 2 h and incubated overnight at
4 °C with the following specific primary antibodies: anti-β1-AR (1:1000),
anti-Phospho-HSL(Ser563) (1:1000), anti-HSL (1:2000), anti-PKA (1:5000),
anti-fatty acids binding protein-4 (FABP4) (1:1000) (Affinity, Jiangsu, China),
anti-β-actin (1:5000) (Proteintech, Wuhan, China) and anti-PKA p-T197
(1:5000) (Abcam, Boston, USA). Then these bands were incubated with the
secondary antibody at room temperature for 1 h. The target bands were
analyzed with ImageJ software after imaging with Amersham Imager 600.
ImageJ software was used to quantify the band intensities.

Real-time quantitative PCR
Total RNA was isolated with the GeneJET RNA Purification Kit (K0731;
Thermo Fisher Scientific, Waltham, MA, USA), and cDNA was synthesized
using the TAKARA Reverse Transcription Kit (RR047A; TaKaRa, Kusatsu,
Shiga, Japan) following the manufacturer’s instructions. qRT-PCR was
conducted using SYBR-green on a Thermo QuantStudio 5 Real-Time PCR
System (Thermo Fisher Scientific, Waltham, MA, USA). Relative fold
induction was determined via the ΔΔCt method, using β-actin as the
reference gene. The primer sequences used are listed in Supplementary
Table 1.

Glycerol release assay
Mature 3T3-L1 adipocytes were exposed to IL-33 for 24 h. For pharmaco-
logical inhibition experiments, cells were pre-incubated with CGP 20712A
for 1 h prior to IL-33 treatment. At the conclusion of each experiment, the
media from each well were collected to measure free glycerol levels using
the Glycerol Assay Kit (S0223S, Beyotime Biotechnology, Shanghai, China,
or F005-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
following the supplier’s instructions.

Immunofluorescence and BODIPY staining of mature 3T3-L1
adipocyte
Mature 3T3-L1 adipocytes were incubated overnight in complete medium
(DMEM with 10% FBS and 4mM glutamine, CM) containing 1 μM BODIPY
558/568 C12 (Red C12, Life Technologies). The cells were then washed
three times with CM and incubated for 1 h to allow fluorescent lipids to
incorporate into LDs, followed by a 24-h chase in CM containing IL-33.
Mitochondria were stained with 150 nM MitoTracker Green FM
(40743ES50, Yeasen Biotechnology, Shanghai, China) for 30min prior to
imaging. To stain LDs, BODIPY 493/503 (C250S, Beyotime Biotechnology,
Shanghai, China) was added to the cells for 30min before imaging, and
Fluorescence imaging was conducted using an Olympus microscope
(Olympus DP74, Tokyo, Japan).

Enzyme-linked immunosorbent assay (ELISA) assay
Epididymal adipose tissue extracts were centrifuged (MX-200, TOMY Seiko
Co., Ltd., Tokyo, Japan) at 1000 × g for 10 min, and the diluted supernatant
was utilized for the assay. Intracellular cAMP levels were determined using
a Cyclic AMP ELISA Kit (Cayman Chemical, Ann Arbor, MI, USA) following
the manufacturer’s protocol. The concentrations of norepinephrine (NE) in
the culture supernatants were measured using the mouse NE ELISA Kit
(EU2565, Fine Test, Wuhan, China).

Metabolomics
To evaluate metabolite levels in mature adipocytes under IL-33 treatment,
differentiated 3T3-L1 adipocytes were exposed to IL-33 for 24 h. Cells were
extracted with a methanol:water solution (4:1, V/V) containing an internal
standard. The sample underwent vortexing, freeze-thaw cycles, and
centrifugation at 12,000 rpm for 10min at 4 °C. The supernatant was

collected, stored at −20 °C for 30min, and centrifuged again. A 200 μL
aliquot was analyzed by LC-MS under positive ion mode using a T3
column. The mass spectrometer operated in positive and negative ion
modes, scanning m/z 75–1000 at 35,000 resolutions. Data were processed
using XCMS, and metabolites were identified using a database from
Frasergen Bioinformatics Co., Ltd. (Wuhan, China).

Prediction of protein–protein docking model
Protein–protein docking was performed with the PyMol. The protein
structures of IL-33 and β1-AR were downloaded from the Protein Data
Bank (https://www.rcsb.org). In the protein–protein docking calculation
using PyMol, the final model selection for IL-33 and β1-AR involved
choosing the model where K265, S119 of IL-33 and H180, W181, R193 of
β1-AR were predicted to interact.

Immunoprecipitation (IP)
The IP experiment was performed using the Vazyme Co-IP kit(PB201-01,
Vazyme, Nanjing, China) according to the manufacturer’s instructions.
Briefly, Cell lysates from 1 × 106 cells were prepared using Lysis/Wash
buffer. Supernatants were collected after lysis and centrifugation for use. A
total of 500 μg of lysate was mixed with 6 μg of IL-33 antibody in 500 μL
Lysis/Wash buffer. Samples were incubated for 30min at room tempera-
ture on a rotator. A total of 500 μL of antigen-antibody complex was added
to magnetic beads and incubated for 30min at room temperature on a
rotator. Proteins were eluted using 5× loading buffer at 95 °C for 5 min.
Western Blot will be performed for anti-β1-AR.

Statistical analysis
All study data were analyzed and visualized using GraphPad Prism Version
8.1 (GraphPad Software, CA). Results were expressed as the mean ±
standard deviation (SD) from three independent experiments. Differences
were primarily evaluated using one-way analysis of variance (ANOVA), with
p < 0.05 considered statistically significant.

RESULTS
IL-33 decreases adipose tissue mass and attenuates lipid
deposition in mice with obesity
To directly investigate the effect of IL-33 on obesity, mice were fed
with a HFD to induce obesity, and then treated with PBS or
recombinant IL-33 for 2 weeks. Consistent with previous reports,
HFD-fed mice exhibited significantly greater body weight gain
compared to those fed a normal chow diet (Supplementary Fig.
1A). There was an apparent decrease in the final body weight of
HFD-fed mice after treatment with IL-33 (Fig. 1A). The eWAT
weight was reduced in IL-33-treated HFD-fed mice (Fig. 1B). In
addition, H&E staining and imaging showed that IL-33 treatment
significantly resulted in a smaller WAT adipocyte size than that in
HFD-fed mice (Fig.1C, D).

Phosphorylation of HSL in WAT as a lipolysis marker for IL-
33 action
To detect the effect of IL-33 on lipid metabolism, we detected the
expression of main lipases including ATGL and HSL, the key player
in the regulation of lipolysis in WAT. As shown in Fig. 2A, B,
although there was a significant decrease in both ATGL and HSL
mRNA levels, IL-33 did not alter the expression level of total
protein ATGL and HSL (Fig. 2C). However, IL-33 treatment
upregulated the phosphorylation of HSL at Ser563 in eWAT,
which were confirmed by both IHC and IF method (Fig. 2C, D).
These data demonstrated that IL-33 might regulate lipid
mobilization by promoting lipolysis in adipose tissues.

IL-33 activates β1-adrenergic receptor in adipose tissues of
mice with obesity
It is well known that the primary regulator of adipose lipolysis is the
sympathetic nervous system through the activation of β-adrenergic
receptors (β-ARs), which results in the production of second
messenger cyclic AMP (cAMP) from adenosine triphosphate to
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activate lipases [26, 27]. To investigate the effects of IL-33 on
sympathetic activity in adipose tissue, we first performed TH
immunostaining to analyze sympathetic axon bundles in eWAT. IL-
33 treatment markedly increased the density of sympathetic nerve
fibers in eWAT (Fig. 3A, B), with concurrent upregulation of TH
mRNA and protein expression (Fig. 3C–E). Consistently, we found
that IL-33 enhanced the mRNA and protein levels of β1-AR (Fig.
3F–H), while showing no significant effect on β2-AR or β3-AR.
Further analysis revealed that IL-33 significantly elevated intracel-
lular cAMP levels in adipocytes (Fig. 3I). These findings suggest that
IL-33 selectively amplifies β1-AR expression in eWAT and activates
the sympathetic-adrenergic signaling axis by increasing sympa-
thetic innervation in adipose tissues.

Metabolomic analysis of mature adipocytes after treated with
IL-33
We examined potential changes in the metabolite profiles of
mature adipocytes induced by IL-33. Principal component analysis
(PCA), partial least squares-discriminant analysis (PLS-DA), and
heat map analysis all revealed a clear separation between the IL-
33 group and the control group (Supplementary Fig. 2A, B),
suggesting that IL-33 induced a distinct metabolic profile in
differentiated adipocytes. In the metabolomic analysis, 1976
metabolites were analyzed. Among them, the levels of 44
metabolites were increased and 297 metabolites were decreased
in IL-33-treated mature adipocytes, compared with control group
(Supplementary Fig. 2C, D). The differences and dynamic changes
in biological process were examined using metabolomics pathway
analysis based on KEGG. As expected, IL-33 affected the pathways
related to lipid metabolism and energy metabolism, including
glycerophospholipid metabolism, fat digestion and absorption,
regulation of lipolysis in adipocytes, thermogenesis, sphingolipid
metabolism, cholesterol metabolism, glycerolipid metabolism,
sphingolipid signaling pathway, arachidonic acid metabolism

(Supplementary Fig. 2E). With regard to lipolysis pathway, heat
map analysis showed that IL-33 affected the amount of TG, DG,
MG and FFA (Supplementary Fig. 2F). In particular, most lipid
metabolites such as 2-arachidonoylglycerol (2-AG), 12-
hydroxysteric acid were downregulated by IL-33, whereas FFA
(16:1) and DG (20:4) were upregulated (Supplementary Fig. 3).

IL-33 promotes β1-AR-mediated PKA activities and lipolysis in
differentiated 3T3-L1 adipocytes
To confirm the role of β1-AR signals in IL-33-induced lipolysis, we
treated differentiated 3T3-L1 adipocytes with IL-33 for 24 h. We
find that IL-33 promoted β1-AR expression, and 20 ng/mL IL-33
induced the greatest effect (Fig. 4A, B). Consistent with the in vivo
results, 20 ng/mL IL-33 increased the phosphorylation of HSL at
Ser563. Since HSL phosphorylation is regulated by p-PKA, we
measured p-PKA levels and found that IL-33 increased them (Fig.
4C, D). Consequently, IL-33 treatment inhibited lipid droplet
accumulation in 3T3-L1 cells (Fig. 4E). Furthermore, treatment with
IL-33 increased the release of glycerol in the medium, an index of
lipolysis and HSL activities (Fig. 4F).

β-Adrenergic signal is required for IL-33-stimulated lipolysis
Although of β1-AR was increased in protein level, there was no
significant difference in mRNA level after IL-33 treatment (Fig. 5A).
The docking results showed that IL-33 has a strong binding affinity
to β1-AR via hydrogen bonding (Fig. 5B). Next, we performed IP
assays to examine the interaction between IL-33 protein and β1-
AR in differentiated 3T3-L1 cells. As shown in Fig. 5C, β1-AR levels
were increased compared to control. Next, we examined whether
effects of β1-AR signals are required for IL-33-mediated lipolysis by
pretreatment with β1-AR inhibitor CGP 20712A for 1 h. IL-33
treatment significantly increased expression of phospho-HSL and
phospho-PKA substrate, whereas supplementation with β1-AR
inhibitor significantly inhibited IL-33-induced effects (Fig. 5D, E).

Fig. 1 Effects of IL-33 treatment on epididymal white adipose tissue in HFD-induced mice. A The change of bodyweight after IL-33-
treatment 2 weeks. B The weight of extracting eWAT in different groups (n= 6 samples/group). C Representative adipocytes of H&E-stained
WAT sections (n= 3 samples/group; scale bar: 100 μm). D Adipocyte size was measured using ImageJ software (n= 3 samples/group). Data are
shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns not significant.
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Fig. 2 IL-33 improves lipolysis by increasing phosphorylation of HSL. A, B RT-qPCR analysis showing ATGL and HSL levels in eWAT (n= 3
samples/group). C Representative images of immunohistochemical staining of ATGL, HSL and phospho-HSL(Ser563), and immunostaining for
the phospho-HSL(Ser563) (n= 3 samples/group; scale bar: 200 μm). D Quantification of ATGL, HSL and Phospho-HSL(Ser563) was measured by
integrated optical density (IOD) and mean fluorescence intensity (MFI) with ImageJ software. Data are shown as mean ± SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ns not significant.
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Fig. 3 IL-33 increases the β1-AR expression and sympathetic nerve density. A Epididymal WAT was subjected to immunostaining for the TH
(n= 3 samples/group; scale bar: 100 μm). Compared with the HFD group, IL-33-treated mice show significantly higher sympathetic nerve
density. B The numbers of sympathetic neurons were analyzed by ImageJ software. C–E RT-qPCR and western blot analysis showing the TH
levels in eWAT after IL-33 treatment. (n= 3 samples/group). F Expression of β1/β2/β3-AR genes, and G representative images of
immunohistochemical staining of β1-AR (n= 3 samples/group; scale bar: 200 μm). H β1-AR was measured by integrated optical density (IOD)
with ImageJ software. I cAMP concentrations in eWAT were measured by ELISA Kit (n= 3 samples/group). Data are shown as mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001, ns not significant.
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Compared to IL-33 alone, supplementation of β1-AR inhibitor also
altered glycerol release and significantly suppressed accumulation
of lipid droplets (Fig. 5F, G).

IL-33 increases FA transfer from lipid droplet organelles to
mitochondria
Under lipolysis, mobilizing FAs stored in LDs transfer into
mitochondria for driving FA oxidation or extracellular for use by
other organs as energy substrates [24]. To understand how this
process was regulated by IL-33, we used a pulse-chase assay to
visualize FAs movement between organelles in mature 3T3-L1
adipocyte. In our pulse-chase assay, cells were first labeled
overnight with 1 μM of Red C12, a fluorescent fatty acid analog,
which initially accumulated in neutral lipids within LDs. Cells were
then placed in complete medium in the absence of Red C12 which
had 20 ng/ml IL-33 for 24 h and then labeled LDs with BODIPY
493/503 or mitochondria with MitoTracker Green FM, respectively.
Fluorescence in the cells was visualized with spinning-disk
confocal microscopy.

Cells in control groups showed nearly all Red C12 signals
localized within LDs throughout the pulse-chase labeling period.
Continued incubation in complete medium with IL-33 resulted in a
dramatic loss of Red C12 signal within LDs (Fig. 6A, B). And FABP4,
a carrier protein mediating lipid droplet formation, was reduced
by IL-33 treatment. Compared to IL-33 alone, supplementation of
β1-AR inhibitor increased the expression of FABP4 (Fig. 6E, F). In
response to IL-33 treatment, an accumulation of Red C12 intensity
within the mitochondrial was observed, suggesting the signal
redistributing into mitochondria (Fig. 6C, D).

DISCUSSION
Studies have shown that IL-33 can promote preadipocyte
proliferation, enhance the WAT browning and thermogenesis
[12]. Additionally, IL-33 inhibits adipocyte hypertrophy by suppres-
sing PPARγ and AceCS, thereby reducing lipid synthesis [20].
However, it remains unclear whether IL-33 affects lipolysis in
mature adipocytes. In this study, we explored the effects of IL-33

Fig. 4 IL-33 promotes lipolysis in adipocytes. A Western blot analysis slowing protein expression of β1-AR in mature 3T3-L1 adipocytes
(n= 3 samples/group). B β1-AR quantification was statistically analyzed using ImageJ. C, D Protein expression of phospho-PKA substrates, PKA,
phospho-HSL(Ser563), and β-actin measured in 3T3-L1 adipocytes treated with IL-33 (0, 5, 20, 40, 60, and 80 ng/ml) for 24 h (n= 3 samples/
group). E Representative images of Oil Red O staining were collected using an inverted microscope (n= 3 samples/group; scale bar: 100 μm).
F Glycerol in the 3T3-L1 adipocyte medium were measured by ELISA Kit (n= 3 samples/group). Data are shown as mean ± SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ns not significant.
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Fig. 5 IL-33 induces lipolysis via β1-AR pathways in 3T3-L1 adipocytes. AmRNA analysis showing β1-AR levels in mature 3T3-L1 adipocytes
with different dose treatment (n= 3 samples/group). B Model of IL-33 binding to β1-AR. C Co-immunoprecipitation of IL-33 with β1-AR was
performed after 24 h of IL-33 treatment. D, E Western blot analysis showing the phosphorylation of PKA substrates, PKA and phospho-
HSL(Ser563). F Representative images of Oil Red O staining were collected using an inverted microscope (n= 3 samples/group; scale bar:
100 μm). G Glycerol in the 3T3-L1 adipocyte medium were measured by ELISA Kit (n= 3 samples/group). Data are shown as mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001, ns not significant.
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Fig. 6 Fatty acid trafficking visualized using a fluorescent fatty acid pulse-chase assay. Cells were pulsed with Red C12 overnight, washed,
and incubated with CM for 1 h in order to allow the Red C12 to accumulate in LDs. Cells were pre-incubated with CGP 20712A for 1 h prior to
IL-33 treatment. A LDs were labeled using BODIPY 493/503. (n= 3 samples/group; Scale bar: 10 μm). B Relative cellular localization of Red C12
was quantified by ImageJ. C Mitochondria were labeled using MitoTracker Green. (n= 3 samples/group; Scale bar: 10 μm). D Relative cellular
localization of Red C12 was quantified by Pearson’s coefficient analysis to analyze the colocalization of mitochondria and free fatty acids.
EWestern blot analysis showing the expression of FABP4 (n= 3 samples/group). F FABP4 quantification was statistically analyzed using ImageJ
(n= 3 samples/group). Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns not significant.
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on triglyceride lipolysis in mature adipocytes to provide new
insights into the role of IL-33 in ameliorating obesity in mice. Our
results revealed that IL-33 treatment resulted in smaller LD with
higher release of glycerol in adipocytes, and smaller size of
adipocytes in WAT that is resistant to HFD-induced obesity.
Specifically, exogenous IL-33 activated HSL by promoting its
phosphorylation at the Ser563 site, thereby initiating triglyceride
lipolysis.
Metabolomic data further show that metabolites linked with

energy metabolism and lipid metabolism were changed by IL-33
treatment. The intermediates detected in the lipolytic pathway,
such as TG, DG, MG and FFA were significantly altered in mature
adipocytes after IL-33 treatment. Notably, there are differential
regulation of lipid metabolites observed in IL-33-treated adipo-
cytes, characterized by the downregulation of MG (18:1), MG (16:0)
and DG (18:3), alongside the upregulation of FFA (16:1), TG (14:1),
and DG (20:4). Previous studies have demonstrated that IL-33
inhibits adipogenesis in adipocytes by regulating the Wnt/
β-catenin/PPAR-γ signaling pathway [28]. Combined with our
results, this may reflect a complex reprogramming of lipid
metabolism in adipocytes by IL-33, balancing lipid storage with
the activation of lipid mobilization and inhibition of adipogenesis.
We further sought to understand the mechanisms underlying

IL-33-induced adipocyte lipolysis. Our vivo results revealed that IL-
33 treatment resulted in smaller size of adipocytes in WAT that are
resistant to HFD-induced obesity. This process was associated with
β1-AR-mediated canonical cAMP-dependent PKA pathway after IL-
33 treatment, which was crucial for HSL activity and lipolysis. In
WAT, it is known local sympathetic innervation through β-ARs is
essential for lipolysis in adipocytes [29–31]. Specifically, activated
PKA phosphorylates HSL at three serine sites, which are necessary
for translocation of HSL to lipid droplet [32]. We detected the
sympathetic density in WAT, determined by labeling TH, a rate-
limiting enzyme in catecholamine biosynthesis. Consistent pre-
vious studies, local sympathetic nerve density of WAT was
increased by IL-33 treatment in HFD-induced mice with obesity
[33]. A study of intra-adipose axonal plasticity showed that IL-33
leads to sympathetic axonal outgrowth upon cold challenge [34].
In this process, IL-33 drives the ILC2s-induced IL-5 production,
resulting in eosinophil proliferation [33, 34]. Eosinophils produce
nerve growth factor (NGF), which acts locally to sympathetic
nerves to promote intra-adipose axonal outgrowth, thus influen-
cing the cold-induced beiging process [34]. In obesity, studies
have revealed that IL-33 maintained normal ILC2 responses in
WAT by metabolic regulation such as PPARγ and AMPK expression
to limit the development of spontaneous obesity [17, 35, 36].
Unlike in cold challenge, how IL-33-induced ILC2s participates in
the immune-neuron crosstalk to regulate adipocyte lipid meta-
bolism is not studied in obesity.
In WAT, NE released by sympathetic adrenergic nerves is

responsible for β1-AR-mediated cAMP-dependent PKA pathway in
adipocytes. It has reported that anti-inflammatory adipose tissue
macrophages produce NE to induce lipolysis in WAT [37]. Given that
IL-33 could skew macrophages towards anti-inflammatory pheno-
type [18], we detected the release of NE by IL-33-treated macrophage
in vitro. The results showed that IL-33 could stimulate the release of
NE in a dose-dependent manner (Supplementary Fig. 4A). However,
we observed there was no significant increase in Ucp1 and Pgc-1α
expression (Supplementary Fig. 4B, C), when differentiated 3T3-L1
adipocytes were cocultured with IL-33-stimulated RAW264.7 macro-
phages, which was not consistent with the release of NE. Thus, we
speculated that the NE released by macrophages is not sufficient to
promote lipid metabolism in adipocytes.
Exogenous IL‑33 exerts its cytokine activity by interacting with the

IL-1 family receptor ST2 (also known as IL‑1RL1) to activate the
MyD88-dependent pathway [38]. However, RNA sequencing of
preadipocytes revealed a low but detectable level of Il1rl1 (encoding
ST2) [39, 40]. In vivo studies have shown that IL-33-induced

thermogenesis in adipocytes does not depend on MyD88 [41]. These
data suggested the direct effect of IL-33 on adipocytes might have
alternative path, thereby explaining the low levels of Il1rl1 and the
lack of dependence on MyD88. Interestingly, we found IL-33 could
activate β1-AR-mediated cAMP-dependent PKA signals without NE
stimulation in vitro, and blocking this receptor effectively inhibited
the action of IL-33. This effect of IL-33 on β1-AR contributed to HSL
activation and subsequently lipolysis. FAs released from LDs through
lipolysis were subsequently transferred into mitochondria. The data
together have revealed a previously unknown mechanism of IL-33 in
promoting adipocyte lipolysis by involvement β1-AR-mediated
cAMP-dependent PKA activity, although the mechanism by which
IL-33 induces high β-AR expression remains unclear in vitro.
Mice in our study were maintained at standard room temperature

(22–26 °C), below their thermoneutral zone, potentially forcing
reliance on brown adipose tissue metabolism for thermoregulation
[42]. This likely impairs adipose tissue sensitivity to IL-33, confounding
lipolysis measurements through augmented cold-induced thermo-
genesis. Consequently, thermoneutral conditions—physiologically
appropriate for mice—are essential for unbiased assessment of IL-
33’s metabolic role. Further evaluation of IL-33’s impact on mice
metabolism under thermoneutral conditions is required, particularly
in adipose tissue.
In summary, we find a novel function for IL-33 in obesity by

directly acting on adipocytes, a process that link to β1-AR-
mediated cAMP-dependent PKA pathway for lipolysis. We first
revealed the neuronal control in IL-33-mediated prevention of
obesity, although future functional studies of sympathetic nerve
to evaluate the role of IL-33 in adipocyte lipid metabolism are
warranted. Notably, this study exclusively evaluated IL-33 in male
mice. Given established sex differences in metabolic regulation
where female mice are inherently more resistant to diet-induced
obesity than males [42], further investigation is needed to
elucidate potential sex-specific effects of IL-33 in metabolic
regulation.
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