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A B S T R A C T

Objective: Obesity-induced mechanical changes in white adipose tissue (WAT), including adipocyte hypertrophy 
and fibrosis, are hypothesized to alter adipose tissue macrophage (ATM) function through mechanosensitive 
pathways. This study aimed to determine whether the mechanosensor Piezo1 in ATMs regulates obesity- 
associated metabolic dysfunction and thermogenesis.
Methods: To investigate macrophage Piezo1 in obesity, myeloid-specific Piezo1-deficient mice (Piezo1Δlyz2) and 
littermate controls (Piezo1flox/+) were fed a high-fat diet (HFD) to induce obesity for 12 weeks. Metabolic as-
sessments (GTT/ITT), tissue analyses (H&E staining, micro-CT), and RNA-seq were performed. Bone marrow 
transplantation and co-culture experiments (BMDMs with 3T3L1 adipocytes/PC12 neurons) were performed to 
evaluate macrophage-adipocyte/neuron crosstalk. Sympathetic activity was tested via cold exposure, NE mea-
surement, and 6-OHDA/αMPT denervation. Molecular mechanisms were investigated using ChIP-qPCR.
Results: Piezo1Δlyz2 mice exhibited aggravated HFD-induced obesity and insulin resistance despite reduced pro- 
inflammatory responses. Piezo1 deficiency in ATMs suppressed Slit3–ROBO1 signaling, leading to diminished 
NE secretion and impaired thermogenesis. Pharmacological inhibition of NE release (6-OHDA) or ROBO1 
knockdown (shROBO1) abolished thermogenic disparities between Piezo1Δlyz2 and control mice. Mechanistically, 
Piezo1 activation triggered SP1 nuclear translocation, directly binding to the Slit3 promoter to drive Slit3 
transcription and secretion.
Conclusion: Piezo1 in ATMs mitigates obesity progression by promoting Slit3–ROBO1-dependent NE secretion 
and thermogenesis, independent of its pro-inflammatory role. This mechanosensitive pathway links WAT me-
chanical remodeling to metabolic regulation, which may offer a novel approach for managing obesity.

1. Introduction

Obesity, a global health concern linked to diseases such as type 2 
diabetes, heart disease, and hypertension [1–5], arises from a chronic 
surplus of energy intake over expenditure, leading to excessive fat 
accumulation in adipose tissue. Adaptive thermogenesis, a major form of 
energy expenditure involving heat production in response to external 
stimuli such as cold and nutrition, is a pivotal process [6–9]. Adipose 

tissue is categorically divided into white adipose tissue (WAT), respon-
sible for energy storage, and brown adipose tissue (BAT), which dissi-
pates energy as heat [10–12]. Furthermore, brown-like adipocytes, also 
referred to as beige adipose tissue, appear scattered within WAT under 
continuous external stimulation [13–16]. Mitochondrial uncoupling 
protein 1 (UCP1), located in the inner mitochondrial transmembrane, 
aids in uncoupling oxidative phosphorylation to generate heat, and 
therefore, is a vital effector protein for the function of BAT and beige 
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adipose tissue [17–20]. However, during obesity, the mechanism un-
derlying alterations in metabolic, endocrine, and thermogenic functions 
in adipose tissue, coinciding with mechanical properties of the micro-
environment, remain poorly understood, limiting the development of 
targeted therapies for obesity and associated metabolic complications.

Adipose tissue comprises adipocytes, stromal cells, and immune 
cells, including macrophages. Adipose tissue macrophages (ATMs), 
which are mainly derived from infiltrating monocytes, account for 
approximately 5 % of the stromal vascular fraction (SVF) in the lean 
state, but up to 50 % during obesity [21]. These macrophages can be 
categorized as pro-inflammatory (M1) or anti-inflammatory (M2) 
[22–25].Obesity tends to polarize ATMs toward the pro-inflammatory 
M1 state, contributing to adipose tissue inflammation by upregulating 
pro-inflammatory and pro-coagulant proteins such as tumor necrosis 
factor-alpha (TNF-α), interleukin-6 (IL-6), inducible nitric oxide syn-
thase (iNOS), monocyte chemotactic protein-1 (MCP-1), and plasmin-
ogen activator (PA), which have implications for the metabolic 
complications of obesity. Conversely, M2 polarization of ATMs is asso-
ciated with an anti-inflammatory phenotype, potentially aiding 
inflammation resolution and insulin sensitivity [26–30].

Beyond their inflammatory roles, ATMs are involved in regulating 
obesity-related hormones. Norepinephrine (NE), released from sympa-
thetic nerves, governs adaptive thermogenesis in adipose tissue. ATMs 
can uptake and degrade NE via the expression of solute carrier family 6 
member 2 (SLC6A2) and monoamine oxidase A (MAOA), thereby 
reducing the local NE levels [31]. Additionally, Wang et al. reported that 
ATMs can promote sympathetic activity and mitigate obesity by 
secreting Slit3 [32]. However, understanding the dynamic regulation of 
NE by ATMs during obesity with complex mechanical characteristics 
remains a challenge.

Obesity triggers excessive energy storage, resulting in adipose tissue 
remodeling, an inflammatory microenvironment, adipose tissue fibrosis, 
and increased extracellular matrix accumulation [33]. These processes 
induce significant mechanical changes and physical space constraints, 
likely perpetuating a constitutively activated mechanosensation signal 
within adipose tissue [34]. Mechanosensitive ion channels (MSICs), 
which sense mechanical forces and initiate mechanosensitive signal 
transduction, play critical roles in both normal physiology and patho-
logical conditions. Among these channels, Piezo1, a recently discovered 
mechano-activated ion channel with a high affinity for calcium ions, is 
of particular significance [35–38]. In obese mice, mature adipocytes 
lacking Piezo1 demonstrated a reduced secretion of adipogenic fibro-
blast growth factor 1 (FGF1), failing to induce pre-adipocyte differen-
tiation [39]. Furthermore, adipocyte-specific Piezo1 knockout mice 
exhibit altered expression of pro-inflammatory and lipolysis genes in 
adipose tissue, resulting in insulin resistance when subjected to a high- 
fat diet (HFD) [40]. While the role of Piezo1 in adipocytes is well- 
established, its impact on ATMs function remains unexplored, limiting 
our full insights of the regulation to adipose tissue by mechanical forces 
during obesity.

Previous reports had consistently linked Piezo1 to an enhanced pro- 
inflammatory macrophage phenotype, and we hypothesized that Piezo1 
deficiency in ATMs would reduce inflammation and ameliorate obesity 
[35,37,41]. To validate our hypothesis, we generated transgenic mice 
with specific Piezo1 deficiency in macrophages and subjected them to an 
HFD challenge. But surprisingly, our results demonstrated that Piezo1 
deficiency in ATMs of obese mice caused an increased body weight and 
more severe insulin resistance. Mechanistically, Piezo1 deficiency in 
ATMs limits the host thermogenesis by decreasing NE secretion from 
sympathetic nerves, and thus results in an impaired energy expenditure. 
Here, we uncovered an unexpected association between mechano-
sensation and the neuro-regulatory role of ATMs in obesity and proposed 
the self-limiting mechanism of ATMs to maintain adipose tissue stability, 
which advances the understanding of obesity and inspires new treat-
ment strategies.

2. Methods

2.1. Ethics statement

Approval for animal experiments was granted by the Animal Ethics 
Committee of Cheeloo College of Medicine, Shandong University.

2.2. Animals

The mice involved in this study were housed in a Specific Pathogen- 
Free (SPF) facility, where environmental conditions were controlled to 
maintain a temperature range of 21.5–23 ◦C, a 12-h light-dark cycle, 
humidity levels between 40 and 60 %, and provision of irradiated food 
and water tailored to meet the specific experimental requirements). 
During the experiments conducted at room temperature, mice were put 
in the caged exposed to room air, whereas they were placed within cages 
situated inside temperature-controlled chambers for experiments at 
4 ◦C. The mice strains used in this study, namely B6.Cg-Piezo1tm2.1Apat/J 
(JAX Stock No: 029213, Piezo1flox/flox) and B6;129S6-Polr2aTn(pb-CAG- 

GCaMP5g)Tvrd/J (JAX Stock No: 024477, PC-G5) were obtained from the 
Jackson Laboratory; Lyz2cre mice were kindly provided by Prof. Qi 
Xiaopeng from Shandong University. To generate myeloid Piezo1 con-
ditional deficient mice, Piezo1flox/flox and Lyz2cre mice were crossed. 
Genotype analysis was performed using the following primers:

Piezo1flox/flox:
P1, 5′-GCC TAG ATT CAC CTG GCT TC-3′; P2, 5′-GCT CTT AAC CAT 

TGA GCC ATC T-3′;
Lyz2cre:
P1, 5′-CCC AGA AAT GCC AGA TTA CG-3′; P2, 5′-CTT GGG CTG CCA 

GAA TTT CTC-3′.
PC-G5:
P1, 5′- TAG ACA CAT GCC ACC AAA CC-3′; P2, 5′- TCT CTC CAG CAC 

CAT AAC TCC-3′; P3, 5′- GAT CGA TAA AAC ACA TGC GTC A-3′.
For in vivo treatment, bilateral injections of 6-OHDA (MedChe-

mExpress) were administered into the fat pad at a dosage of 400 μg per 
lobe. Bilateral αMPT (MedChemExpress) injections were delivered into 
the adipose tissue at 125 mg/kg body weight per lobular region. Lenti-
virus was constructed by Shanghai Genechem Co., Ltd., and detailed 
target sequences are provided in Supplementary Table 1. The 1 × 109 

shCtrl or shRobo1 solution was injected into the bilateral fat pads thrice 
weekly.

2.3. Cell culture

To induce the differentiation of bone marrow-derived macrophages 
(BMDMs), mice with specific genotypes were euthanized through 
continued exposure to isoflurane (5 %) for 1 min after respiratory arrest. 
Sterile cells were harvested from the femurs and tibias and red blood 
cells were lysed using a lysis buffer. The resulting single-cell bone 
marrow suspension was filtered through 70-μm cell filters and cultured 
in complete Dulbecco’s modified Eagle medium (DMEM) conditioned 
medium containing 50 ng mL− 1 recombinant mouse M-CSF (PeproTech) 
to facilitate BMDM differentiation. The Rattus norvegicus pheochromo-
cytoma PC12 cell line was cultured in RPMI-1640 medium (Gibco) 
supplemented with 10 % heat-inactivated horse serum (Solarbio), 5 % 
FBS (Gibco), and 1 % penicillin/streptomycin solution. For PC12 dif-
ferentiation, the cells were cultured with nerve growth factor (Pepro-
Tech) for 5 days. For preadipocytes differentiation, mouse 3 T3-L1 cells 
were cultured in DMEM supplemented with 10 % calf serum (Pricella) 
and 1 % penicillin/streptomycin solution until they reached confluence 
(day 0). Subsequently, the cells were cultured in a lipogenic induction 
medium containing methylisobutylxanthine (520 μmol L− 1), dexa-
methasone (1 μmol L− 1), and insulin (167 nmol L− 1) for 2 days, followed 
by replacement of the medium with a lipogenic maintenance medium 
containing 167 nmol L− 1 insulin.
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2.4. SVFs isolation and magnetic bead sorting

After euthanasia, approximately 3–5 g of adipose tissue was collected 
from each mouse and placed in cold medium. Subsequently, blood 
vessels and fibers were removed from the adipose tissue, which was then 
cut into small pieces. An equal volume of type II collagenase was added, 
and the mixture was digested at 37 ◦C for 30 min until the particles 
disappeared. Digestion was quenched by adding the same volume of 
complete culture medium. The cell suspension obtained was filtered 
through a strainer, and after liquid stratification, the upper layer con-
sisted of adipose cells, the middle layer contained SVFs, and the bottom 
layer consisted of undigested fibrous tissues. The cell suspension in the 
middle layer was aspirated, and red blood cells were subsequently 
removed. Following centrifugation, cells were resuspended in 
phosphate-buffered saline (PBS) for magnetic bead separation or flow 
analysis.

For cell sorting, SVFs were resuspended in 1 mL 1× MojoSort Buffer 
Solution (Miltenyi Biotec), filtered, and centrifuged. The cell pellets 
were resuspended with 90 μL 1× MojoSort Buffer Solution and 10 μL F4/ 
80-biotin antibody (Miltenyi Biotec) for 15 min. The staining was 
terminated by adding 1× MojoSort Buffer Solution. After centrifugation, 
1 mL of 1× MojoSort Buffer Solution was added to resuspend the cells, 
and the cell suspension was placed on a magnetic bead-sorting MS col-
umn for sorting.

2.5. HFD-induced obesity model

The mice were subjected to either HFD (D12492) containing 60 % fat 
or a normal chow diet (LFD) (D12450B) from 8 weeks of ages. The mice 
were placed in a 12-h light-dark cycle and provided with ad libitum 
access to food and water. Body weight was monitored and recorded 
weekly.

2.6. RNA extraction and real-time quantitative polymerase chain reaction 
(RT-qPCR)

Animal tissues were frozen in liquid nitrogen and RNA was extracted 
from lysed cells or tissues using TRIzol reagent (Invitrogen). mRNA was 
reverse-transcribed into cDNA using the Prime Script RT kit (Takara Bio 
Inc.), following the manufacturer’s instructions. mRNA levels were 
quantified using the TM SYBR Green PCR Kit (Takara Bio Inc.), and data 
were acquired using the Light Cycler 480 system (Roche Applied Sci-
ences). Allele-specific primers are provided in Supplementary Table 2.

2.7. Protein extraction and western blotting

For western blotting, cultured cells were collected and washed twice 
with PBS. Protein was extracted using protein extraction kits (BestBio) 
according to the manufacturer’s instructions. The protein concentration 
was determined using the BCA protein assay kit, followed by SDS-PAGE 
separation. The separated proteins were transferred to polyvinylidene 
fluoride (PVDF) membranes (MilliporeSigma). Subsequently, the mem-
branes were incubated with the primary antibody (1:1000) at 4 ◦C 
overnight, washed on the following day, and incubated with the sec-
ondary antibody for 1 h.

The following commercial antibodies were used: 

Rabbit anti-mouse UCP1 (Abcam, Ab234430)
Rabbit anti-mouse ATGL (Abclonal, A5126)
Rabbit anti-mouse HSL (Abclonal, A15686)
Rabbit anti-mouse p-HSL (Abclonal, AP1151)
Rabbit anti-mouse TH (Abclonal, A5079)
Rabbit anti-mouse p-TH (Abclonal, AP0210)
Rabbit anti-mouse MAOA (Abacm, Ab126751)
Rabbit anti-mouse SLIT3 (RD, AF3629)
Rabbit anti- mouse ROBO1 (Abcam, Ab7279)

HRP-conjugated β-actin monoclonal (Proteintech, HRP-60008)
HRP goat anti-rabbit IgG (Abclonal, AS014)

2.8. Glucose tolerance test (GTT)

Wild-type (Piezo1fl/+) and conditional knockout (Piezo1Δlyz2) mice 
that had been subjected to either LFD or HFD induction were fasted 
overnight. The following day, mice were weighed, and blood was 
collected from tail clippings for measurement of fasting blood glucose 
levels. Subsequently, mice were intraperitoneally injected with a 2 g/kg 
glucose solution (Sigma), and blood glucose values were recorded at 15, 
30, 60, and 120 min post-injection for subsequent data analysis using 
blood glucose meter (Sinocare).

2.9. Insulin tolerance test (ITT)

Piezo1fl/+ and Piezo1Δlyz2 mice that had undergone LFD or HFD in-
duction were subjected to a 4–6 h fasting period. On the subsequent day, 
mice were weighed, and blood was collected from tail clippings for 
measurement of fasting blood glucose levels. Mice were intraperitone-
ally injected with 0.75 IU/kg insulin solution, and blood glucose values 
were recorded at 15, 30, 60, and 120 min post-injection. All experi-
mental data were recorded and analyzed accordingly.

2.10. ATMs transplantation experiment

Recipient mice were provided with antibiotic-treated water for 2 
days prior to irradiation with a lethal dose. Three hours after irradiation, 
2 × 106 whole-bone marrow cells from Piezo1fl/+ and Piezo1Δlyz2 mice 
were transplanted for reconstruction. For transplantation experiments 
following lentiviral treatment, first, 2 × 106 whole bone marrow cells 
were aseptically isolated, then infected with lentivirus in vitro for 24 h 
prior to transplantation. Following reconstruction, mice were fed LFD or 
HFD, and their weights were monitored weekly. After 12 weeks, glucose 
metabolism indices were assessed.

2.11. Immunofluorescence and immunohistochemistry

Tissues isolated from the mice were fixed in 4 % paraformaldehyde 
for 24 h at room temperature. These tissues were subsequently 
embedded in paraffin and sectioned at 5-μm thickness. Before staining, 
sections underwent deparaffinization and rehydration using graded 
concentrations of ethanol. Sections were then subjected to staining with 
primary antibodies overnight at 4 ◦C. Following washing, tissue sections 
were incubated with secondary antibodies (1:1000), and images were 
captured using confocal microscopy.

2.12. RNA-seq

RNA-seq data analysis was conducted by BGI company. The mRNA 
library was prepared, and data filtering was performed using SOAPnuke 
(v1.5.6). The filtering process included the removal of reads containing 
joints to prevent joint contamination, reads with unknown base N con-
tent exceeding 5 %, and low-quality reads, resulting in clean data. The 
Dr. Tom Multiomics Data Mining System (https://biosys.bgi.com) was 
used for subsequent data analysis. RSEM software facilitated gene 
expression quantification by comparing clean data with the reference 
genome and reference gene sets. Pheatmap was utilized to generate 
expression clustering heatmaps. DEGseq was employed for differential 
gene detection, with differences with Q value <0.05 selected for 
enrichment analysis. The first 1000 differentially ranked genes were 
selected, and Phyper was used for enrichment analysis based on a hy-
pergeometric test.
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Fig. 1. Piezo1 deficiency in macrophages sensitizes mice to obesity. 
(A) Representative images of Piezo1flox/+ and Piezo1Δlyz2 mice subjected to either HFD or LFD for 12 weeks. (B) Body weight records for Piezo1flox/+ and Piezo1Δlyz2 

mice exposed to HFD or LFD for 12 weeks (n = 12 mice per group). (C) Quantification of fat pads in Piezo1flox/+ and Piezo1Δlyz2 mice after 12 weeks on HFD or LFD (n 
= 12 mice per group). (D, E) GTT and ITT of Piezo1flox/+ and Piezo1Δlyz2 mice on HFD or LFD for 12 weeks (n = 12 mice per group) (F–H) Serum lipid indices 
(cholesterol, triglycerides, LDL) in Piezo1flox/+ and Piezo1Δlyz2 mice under HFD or LFD conditions for 12 weeks (n = 6 mice per group). (I) Representative H&E images 
and quantification of adipocyte diameter in eWAT, iWAT, and BAT in Piezo1flox/+ and Piezo1Δlyz2 mice after 12 weeks on HFD (total 300 cells per group). Data are 
expressed as the mean ± SD. Statistical significance was assessed using (B) two-way ANOVA, *P < 0.05, **P < 0.01, ns = not significant, and (C–H) one-way ANOVA, 
Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01, **** P < 0.0001, ns = not significant. 
HFD, high-fat diet; LFD, low-fat diet; eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue; BAT, brown adipose tissue; GTT, glucose tolerance 
test; ITT, insulin tolerance test. (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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2.13. ScRNA-seq analysis

The single-cell RNA sequencing (scRNA-seq) dataset analyzed in this 
study was acquired from the Gene Expression Omnibus (GEO) database 
(GSE156110), with a focused selection of human adipose tissue 
macrophage populations from two distinct metabolic states: adipose 
tissue macrophages derived from the lean donor (GSM4724867) and 
those obtained from the obese donor (GSM4724868) for subsequent 
bioinformatic analysis. The scRNA-seq data processing pipeline was 
implemented using the Seurat R package. Initial quality control involved 
exclusion of cells demonstrating >10 % mitochondrial gene content or 
<500 uniquely expressed genes. Perform integration by FindInte-
grationAnchors and IntegrateData, and then scale features in the data-
set. Cell clustering was performed employing graph-based clustering 
(resolution = 0.1) with subsequent dimensionality reduction visualiza-
tion via t-distributed stochastic neighbor embedding (t-SNE).

2.14. Metabolic cage study

An animal high-throughput metabolic analysis system (OXYMAX- 
CLAMS, Columbus Instruments) was preheated and used for metabolic 
cage study. The mice were individually housed in metabolic cages and 
acclimated for 24 h before initiating the experiment to minimize stress. 
The system automatically recorded physiological parameters of the 
experimental mice over a period of 72 h. These parameters included 
food intake, activity, oxygen consumption (VO2, mL/kg/h), energy 
consumption (heat production rate, kcal/h), and respiratory exchange 
rate. Data analysis was conducted post-experiment.

2.15. Lipid profile assays

Serum samples were stored at − 80 ◦C until further use. Assay kits 
(Jiancheng Bioengineering Institute) were utilized to measure serum 
levels of triglycerides (TG), cholesterol, high-density lipoprotein (HDL), 
and LDL following the recommended protocol.

2.16. Elisa

A mouse noradrenaline (NA) ELISA Kit (Elabscience) was used to 
determine NE levels, following the manufacturer’s recommended pro-
cedure. The Slit3 ELISA Kit (Cloud-Clone Corp.) was used to detect Slit3 
levels according to the recommended procedure.

2.17. Transcription factor prediction

Online softwares were used to predict the transcription factors that 
bind to the 2000-bp promoter sequence of mouse Slit3 gene. Use the 
PROMO (http://alggen.lsi.upc.es/), TFDB (https://guolab.wchscu.cn/ 
AnimalTFDB/) and GTRD (http://gtrd.biouml.org.) to predict the tran-
scription factors that may be bound to promoter sequence of Slit3, the 
error tolerance rate in PROMO was set to 5 %.

2.18. ChIP-qPCR

Chromatin immunoprecipitation (ChIP) was performed using the 
SimpleChIP® Plus Enzymatic Chromatin IP Kit (CST) according to the 
manufacturer’s protocols. Briefly, samples were crosslinked with 1 % 
formaldehyde (final concentration) under optimized conditions. 
Following crosslinking, cells were lysed using Cell Swelling Buffer and 
subjected to chromatin fragmentation via ultrasonication in Sonication 
Buffer. After sonication, 5 % of the fragmented chromatin from each 
sample was reserved as Input controls. The remaining chromatin was 
divided into aliquots for immunoprecipitation (IP) using either Sp1- 
specific antibody or normal IgG (negative control). Post-IP, chromatin- 
antibody complexes were eluted with ChIP Elution Buffer and subjected 
to reversal of crosslinks. DNA was subsequently purified and analyzed 

by PCR amplification.

2.19. Statistical analysis

Experimental data are presented as mean ± standard deviation. 
Normality tests were performed using the Shapiro–Wilk test. Group 
comparisons were performed using one-way ANOVA, two-way ANOVA, 
or unpaired two-tailed Student’s t-test. Statistical significance was set at 
P < 0.05.

3. Results

3.1. Piezo1 deficiency in macrophages sensitizes mice to obesity

To assess the function of Piezo1 specifically in macrophages during 
obesity, we generated myeloid-specific Piezo1-deficient transgenic mice 
by crossing Lyz2cre and Piezo1flox/flox mice. Lyz2cre Piezo1flox/flox (Pie-
zo1Δlyz2) and sex-matched littermate Piezo1flox/+ mice were fed either a 
LFD or HFD from 8 weeks of ages for up to 12 weeks. Counterintuitively, 
Piezo1Δlyz2 mice exhibited increased weight gain when subjected to the 
HFD, whereas the weight did not significantly differ between the two 
groups of mice on LFD (Fig. 1A, B). Correspondingly, Piezo1Δlyz2 mice 
displayed higher WAT mass compared with that in Piezo1flox/+ mice 
(Fig. 1C), which was confirmed using micro computed tomography 
(micro-CT) (Supplementary Fig. 1A). Whether female or male mice, the 
Piezo1Δlyz2 group showed a higher body weight increase compared with 
Piezo1flox/+ group, indicating that the effect of Piezo1 on body weight is 
independent of gender (Supplementary Fig. 1B). As obesity can lead to 
glucose intolerance and insulin resistance, we examined the impact of 
myeloid Piezo1 on glucose homeostasis and insulin sensitivity. GTT and 
ITT results indicated that myeloid Piezo1 did not affect glucose ho-
meostasis in LFD-fed mice. However, HFD-fed Piezo1Δlyz2 mice exhibited 
more severe glucose intolerance and insulin resistance relative to HFD- 
fed Piezo1flox/+ mice (Fig. 1D, E). Furthermore, Piezo1Δlyz2 mice dis-
played elevated plasma cholesterol, triglyceride, and low-density lipo-
protein (LDL) levels upon HFD challenge (Fig. 1F–H). Collectively, 
Piezo1 deficiency in macrophages worsened obesity progression and 
metabolic imbalances.

Additionally, H&E staining of adipose tissue revealed larger adipo-
cytes in epidermal WAT (eWAT, visceral) and inguinal WAT (iWAT, 
subcutaneous) in HFD-fed Piezo1Δlyz2 mice (Fig. 1I). However, the adi-
pose tissue pathology did not significantly differ in LFD-fed mice (Sup-
plementary Fig. 1C). HFD-fed Piezo1Δlyz2 mice also exhibited increased 
lipid accumulation in liver sections, as visualized using oil red staining 
(Supplementary Fig. 1D). Furthermore, the Piezo1Δlyz2 mice displayed 
compensatory hypertrophy of the islets (Supplementary Fig. 1E).

Furthermore, to evaluate Piezo1 expression in human ATMs, we 
analyzed single-cell sequencing data from the publicly available dataset 
[42]. By examining Piezo1 expression in sorted ATMs from lean or obese 
donor, we observed a significant elevation of Piezo1 levels in macro-
phages from obese adipose tissue. This finding suggests that Piezo1 
expression in human adipose tissue macrophages may play a critical role 
in regulating adipose tissue homeostasis (Supplementary Fig. 1F).

3.2. Myeloid Piezo1 enhances energy expenditure and adaptive 
thermogenesis

Given the more pronounced body weight changes observed in male 
mice under high-fat diet conditions and their insensitivity to fluctuations 
in estrogen and progesterone levels, we chose male mice for subsequent 
experiments. To elucidate the mechanism behind the significantly 
increased fat storage in HFD-fed Piezo1Δlyz2 mice, we employed meta-
bolic cages to assess food intake, physical activity (wheel counts), heat 
production, and O2 consumption in Piezo1flox/+ and Piezo1Δlyz2 mice. No 
significant differences were observed in food intake, wheel counts, O2 
consumption, or heat production between the two groups of LFD-fed 
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mice (Supplementary Fig. 2 A-D). HFD feeding did not induce significant 
differences in food intake (Fig. 2A) or wheel counts (Fig. 2B). However, 
O2 consumption (Fig. 2C) and heat production (Fig. 2D) were markedly 
decreased in HFD-fed Piezo1Δlyz2 mice during both dark and light phases 
compared with that in Piezo1flox/+ mice.

Energy expenditure is often accompanied by increased lipolysis and 
heat production. Protein expression analysis of UCP1 in BAT and key 
lipid metabolic genes, including ATGL, p-HSL, and HSL, in WAT 
revealed decreased expression in the adipose tissue of HFD-fed Pie-
zo1Δlyz2 mice compared to littermate controls (Fig. 2E, Supplementary 
Fig. 2E). Furthermore, mRNA expression of key thermogenic genes such 
as UCP1, Prdm16, COX8b, and Cidea, and key lipid metabolic genes, 
such as MCAD, LCAD, VLCAD, ATGL, HSL, and CPT1b, was reduced in 
the WAT of HFD-fed Piezo1Δlyz2 mice (Fig. 2F). RNA sequencing of iso-
lated WAT corroborated these findings, with the clustering heat map 
indicating downregulated expression of genes associated with lipolysis 
and thermogenesis in Piezo1Δlyz2 mice, suggesting impaired thermo-
genic function of adipose tissue (Fig. 2G). Moreover, genes down-
regulated in adipose tissue with Piezo1-deficient ATMs were enriched in 
fatty acid metabolism-related pathways, including the peroxisome 
proliferator-activated receptor (PPAR) signaling pathway, fatty acid 
degradation, fatty acid metabolism, and regulation of lipolysis in adi-
pocytes (Fig. 2H and Supplementary Fig. 2F).

Given the evidence of altered heat production in HFD-fed Piezo1Δlyz2 

mice, we examined cold-induced adaptive thermogenesis. When mice 
were exposed to 4 ◦C from room temperature, rectal temperature 
dropped in both Piezo1flox/+ and Piezo1Δlyz2 mice, but the drop was 
considerably more significant in Piezo1Δlyz2 mice, whether on an LFD or 
HFD (Fig. 2I, J). LFD-fed Piezo1Δlyz2 mice exhibited a weaker thermo-
genic response to cold stimulation, despite no difference in body weight 
relative to Piezo1flox/+ mice. As adaptive thermogenesis is strictly 
regulated by the sympathetic nervous system, with Norepinephrine (NE) 
as its principal effector [43], we measured NE levels in both serum and 
adipose tissue. Concordantly, Piezo1Δlyz2 mice exhibited reduced NE 
levels in both plasma and adipose tissue (Fig. 2K, L). Given that 
epinephrine is also a core effector molecule of the sympathetic nervous 
system and can induce systemic stress responses through circulation, we 
subsequently measured epinephrine levels in plasma and adipose tissue. 
The results showed no significant differences between Piezo1flox/+ and 
Piezo1Δlyz2 mice in either plasma or adipose tissue under obese condi-
tions (Supplementary Fig. 2G, H). Notably, since sympathetic nerve 
terminals in adipose tissue exclusively release NE, epinephrine levels in 
adipose tissue were extremely low and nearly below the detection limit. 
These findings suggest that Piezo1 deficiency in macrophages may 
regulate the development of obesity by affecting NE levels.

3.3. The adipose tissue macrophages are imperative in body weight 
regulation with HFD challenge

As Piezo1 is a mechanically sensitive calcium ion channel, we 
designed experiments to investigate whether Piezo1 is activated in 
ATMs. Given the difficulty of directly measuring mechanical stress 
changes in local macrophages in situ, we indirectly assessed the func-
tional activity of Piezo1 by monitoring calcium ion influx strength. We 

crossed Lyz2cre Piezo1flox/flox and PC-G5, and generated Cre-induced 
transgenic reporter mice expressing the fluorescent calcium indicator 
protein GCaMP5G variant in macrophages, both with and without 
Piezo1 knockout (Fig. 3A). In these fluorescent reporter mice, increased 
intracellular calcium levels results in bright green fluorescent protein 
(GFP) fluorescence in Lyz2-expressing cells. Consistent with previous 
findings, after 3 months of being fed a low-fat diet, there were no sig-
nificant differences in body weight and glucose tolerance between Pie-
zo1flox/+ and Piezo1Δlyz2 mice (Supplementary Fig. 3A–C). While, 
Piezo1Δlyz2 mice with the GCaMP5G variant displayed increased weight 
gain, exacerbated glucose intolerance, and larger fat cell sizes after HFD 
feeding (Supplementary Fig. 3D–G). Quantitative analysis revealed 
weak calcium reporter fluorescence in both Piezo1flox/+ and Piezo1Δlyz2 

mice on a low-fat diet, with no intergroup differences. However, obesity 
induction triggered a significant fluorescence increase in Piezo1flox/+

ATMs, which was absent in Piezo1Δlyz2 mice (Fig. 3B, C). These results 
suggested that Piezo1 plays a major role in mediating intracellular cal-
cium ion influx in ATMs during the development of obesity owing to 
mechanical changes within the enlarged adipose tissue.

Macrophages are distributed throughout the body and arise from two 
distinct lineages: tissue-resident macrophages, capable of local self- 
renewal independently of adult hematopoiesis, and monocyte-derived 
macrophages, primarily originating from adult hematopoietic stem 
cells and recruited to sites of inflammation [44–48]. Considering the 
weaken calcium influx of ATMs observed in conditioned knockout mice 
on HFD, we investigated whether Piezo1 deficiency was linked to 
changes in the hematopoietic compartment. We transplanted bone 
marrow from Piezo1flox/+ and Piezo1Δlyz2 litters into wild-type mice, 
maintaining either an HFD or LFD after transplantation (Fig. 3D). We 
observed no significant difference in body weight between the two 
groups of LFD-fed mice. However, recipients of Piezo1Δlyz2 bone marrow 
displayed higher weight gain when exposed to an HFD (Fig. 3E). 
Concordantly, H&E staining of adipose tissue revealed larger adipocytes 
in eWAT and iWAT in recipients of Piezo1Δlyz2 bone marrow transplants 
subjected to the HFD challenge (Supplementary Fig. 3H). GTT and ITT 
results confirmed the lack of difference in glucose homeostasis between 
the two groups of LFD-fed mice (Fig. 3F–G), whereas recipients of Pie-
zo1Δlyz2 bone marrow transplantation displayed more severe glucose 
intolerance and insulin resistance after HFD feeding (Fig. 3H–I). These 
findings suggest that Piezo1 deficiency in monocyte-derived ATMs may 
primarily influence the metabolic imbalance in HFD-challenged Pie-
zo1Δlyz2 mice.

3.4. Myeloid Piezo1 regulates weight gain and glucose tolerance in 
sympathetic activity-dependent pathway

Subsequently, we conducted in vitro experiments to investigate 
whether Piezo1 activation in ATMs affects adipocytes or sympathetic 
nerve cells. We co-cultured Piezo1flox/+ and Piezo1Δlyz2 BMDMs with 
3T3L1 adipocytes. There was no significant difference in ATGL, p-HSL 
and HSL of adipocytes co-cultured with Piezo1flox/+ and Piezo1Δlyz2 

macrophages (Fig. 4A, Supplementary Fig. 4A). We then used Yoda1, a 
chemical agonist of Piezo1, to stimulate BMDMs to mimic the activation 
of macrophages in adipose tissue, followed by co-culture with 3T3L1 

Fig. 2. Myeloid Piezo1 enhances energy expenditure and adaptive thermogenesis. 
(A) Measurements of food intake, (B) wheel counts, (C) oxygen consumption, and (D) heat production in Piezo1flox/+ and Piezo1Δlyz2 mice challenged with HFD as 
determined by metabolic cages (n = 3 mice per group). (E) Protein expression analysis of UCP1, ATGL, p-HSL, and t-HSL in adipose tissue (n = 3 mice per group). (F) 
qPCR analysis of mRNA levels for genes related to thermogenesis and lipolysis WAT isolated from Piezo1flox/+ and Piezo1Δlyz2 mice fed with HFD (n = 6 mice per 
group). (G) Heat map illustrating lipid metabolism-related genes based on the normalized read count of genes in WAT samples from Piezo1flox/+ and Piezo1Δlyz2 mice 
challenged with HFD. (H) KEGG pathway enrichment analysis of genes downregulated in adipose tissue from Piezo1Δlyz2 mice (Log2FC > 0.5, Padj<0.05). (I, J) 
Rectal temperature measurements for Piezo1flox/+ and Piezo1Δlyz2 mice on LFD or HFD subjected to a 4 ◦C cold challenge for 180 min (n = 6 mice per group). (K) NE 
levels in the serum of Piezo1flox/+ and Piezo1Δlyz2 mice challenged with HFD (n = 6 mice per group). (L) NE levels in the WAT of Piezo1flox/+ and Piezo1Δlyz2 mice 
challenged with HFD (n = 6 mice per group). Statistical significances were calculated using (I, J) Two-way ANOVA and Tukey’s multiple comparisons test and (A–D, 
F, K, L) two-tailed Student t-test. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; **** P < 0.0001, ns = not significant. 
HFD, high-fat diet; LFD, low-fat diet; WAT, white adipose tissue; KEGG, Kyoto Encyclopedia of Genes and Genomes; NE, Norepinephrine.
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Fig. 3. The adipose tissue macrophages are imperative in body weight regulation with HFD challenge. 
(A) Schematic diagram outlining the calcium indicator experiment. (B–C) Immunofluorescence images of adipose tissue from transgenic reporter mice and quan-
tification of fluorescence intensity. (D) Schematic diagram of bone marrow transfer experiment. (E) Body weight records of recipient mice exposed to HFD or LFD for 
12 weeks (n = 5 mice per group). (F) Results of GTT for recipient mice on LFD for 12 weeks (n = 5 mice per group). (G) Results of ITT for recipient mice on LFD for 
12 weeks (n = 5 mice per group). (H) GTT results for recipient mice on HFD for 12 weeks (n = 5 mice per group). (I) ITT results for recipient mice on HFD for 12 
weeks (n = 5 mice per group). Data are expressed as the mean ± SD. Statistical significance was determined using (E) two-way ANOVA, *P < 0.05, ns = not 
significant, and (F–I, B) two-tailed Student t-test, *P < 0.05, **P < 0.01, ns = not significant. 
HFD, high-fat diet; LFD, low-fat diet; GTT, glucose tolerance test; ITT, insulin tolerance test; GFP, green fluorescent protein. (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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adipocytes treated with Yoda1 or DMSO-treated BMDMs. UCP1, ATGL, 
p-HSL, and HSL levels in adipocytes remained unaltered (Fig. 4B, Sup-
plementary Fig. 4B). Hence, we verified that macrophages do not exert 
their function through direct interactions with adipocytes.

Then we postulated that ATMs indirectly influence adipocytes by 
affecting sympathetic nerves. PC12 cells treated with the culture su-
pernatant of Piezo1Δlyz2 BMDMs showed a slight tendency to decrease in 
p-TH (phosphorylated tyrosine hydroxylase)/TH levels (Fig. 4C, Sup-
plementary Fig. 4C). However, the culture supernatant of BMDMs 
treated with Yoda1 significantly increased p-TH and p-TH/TH in PC12 
cells (Fig. 4D, Supplementary Fig. 4D). These results indicate that 
BMDMs function directly by affecting sympathetic nerves through 
secreted factors.

To explore how Piezo1 deficiency in macrophages might influence 
sympathetic activity, subsequently, we isolated ATMs using magnetic 
bead sorting for F4/80-positive cells in HFD-fed mice and conducted 
RNA sequencing (RNA-seq). Enrichment analysis revealed potentially 
altered pathways in Piezo1 deficiency (Fig. 4E, F). Based on evidence 
that the sympathetic nerve is affected, we noted that RNA-seq experi-
ments on ATMs from Piezo1flox/+ and Piezo1Δlyz2 mice revealed that 
differentially expressed genes were enriched in the neuron-related axon 
guidance pathway in the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis. GSEA enrichment profile further 
confirmed a significant upregulation of this pathway in ATMs from 
Piezo1flox/+ mice, with the most differentially expressed genes in this 
pathway presented in cluster heat maps (Fig. 4G, H). Furthermore, 
ATMs can reportedly import and degrade NE by expressing Slc6a2 and 
Maoa, thereby reducing local NE levels [31]. However, neither the RNA- 
seq cluster heat map of ATMs nor the PCR results indicated altered 
transcription levels of Maoa or Slc6a2 in Piezo1Δlyz2 mice (Supplemen-
tary Fig. 4E, F).

Taken together, we hypothesized that the differential expression of 
secreted proteins, such as those from the Slit and Sema families, might 
mediate the neuroregulatory function of ATMs. Slit3 is a key component 
of the SLIT/ROBO family, acting as a ligand binding to the receptor 
ROBO1. Among these genes, we focused on Slit3, reportedly secreted by 
ATMs, and combined with ROBO1 in sympathetic nerves to increase 
sympathetic activity [32]. We speculated that the activation of Piezo1 in 
ATMs might enhance the secretion of Slit3 to activate sympathetic 
nerves.

3.5. Myeloid Piezo1 enhances TH activity in sympathetic nerves by 
upregulating Slit3 expression

Western blotting and ELISA results revealed that Slit3 expression and 
secretion in BMDMs increased after Yoda1 treatment (Fig. 5A, B, Sup-
plementary Fig. 5A). Meanwhile, Slit3 levels in medium from Piezo1flox/ 

+ iWAT were statistically higher than Piezo1Δlyz2 iWAT (n = 3 per group) 
(Fig. 5C). Wang et al. reported that Slit3 secreted from M2-like macro-
phages increases sympathetic activity and in adipose tissue [32]. Then 
we visualized gene expression profiles associated with inflammation 
(Fig. 5D–E). Piezo1flox/+ ATMs exhibited high expression of several M1- 
related genes, whereas Piezo1Δlyz2 ATMs displayed elevated expression 
of M2-related genes. We performed a cytokine array analysis and 
observed no significant increase in interleukin and chemokine levels in 

the plasma of HFD-fed Piezo1flox/+ mice (Fig. 5F). Consequently, we 
hypothesized that Piezo1 mechanically activates Slit3 secretion inde-
pendent of polarization.

Then we isolated BMDMs and induced their polarization toward M1 
and M2 macrophages with LPS and IL-4, and the Slit3 in the culture 
supernatant was detected by Elisa. The result showed that Yoda1 can 
increase the secretion of Slit3, whether in unstimulated Piezo1flox/+

BMDMs, M1 or M2 (Fig. 5G). The activation effect of Yoda1 can be 
blocked by Gsmtx4. In addition, Yoda1 did not increase Slit3 secretion in 
Piezo1Δlyz2 BMDMs.

We validated the Piezo1-induced increase in Slit3 secretion in vitro 
and further examined whether macrophages in vivo influence sympa-
thetic nerves through the release of Slit3 by performing immunofluo-
rescence assays of adipose tissue sections. First, dual staining of F4/80 
and TH revealed that sympathetic nerves (indicated by TH) and mac-
rophages (marked by F4/80) were in close spatial proximity under both 
lean and obese conditions, establishing a physiological basis for their 
potential interaction (Supplementary Fig. 5B). Furthermore, Slit3 
demonstrated substantial co-localization with macrophages. Under lean 
conditions, both Piezo1flox/+ and Piezo1Δlyz2 mice exhibited low Slit3 
expression. However, during obesity, Piezo1flox/+ mice displayed sig-
nificant elevation of Slit3 expression, whereas Piezo1Δlyz2 mice failed to 
show such increase (Supplementary Fig. 5C).

Since we confirmed that Yoda1 activated Piezo1 to promote Slit3 
release, we then verified the role of Slit3 in obesity induction by trans-
planting Piezo1flox/+or Piezo1Δlyz2 bone marrow cells with or without 
Slit3 knockdown (Fig. 5H). The PCR results show that the knockdown 
efficiency of Slit3 exceeded 80 % (Supplementary Fig. 5D). After LFD 
feeding, recipient mice transplanted with Piezo1flox/+ and Piezo1Δlyz2 

bone marrow cells showed no significant differences in body weight, 
GTT, or ITT, and these parameters remained unchanged after Slit3 
knockdown (Supplementary Fig. 5E–G). However, under a high-fat diet, 
Slit3 knockdown specifically in Piezo1flox/+ cells recapitulated the 
phenotype of Piezo1 knockout mice, including increased weight gain 
and impaired glucose tolerance, whereas Slit3 knockdown in Piezo1Δlyz2 

cells did not induce significant alterations (Fig. 5I–K).

3.6. Adaptive thermogenesis enhancement by myeloid Piezo1 is blocked 
by sympathetic blockade

6-Hydroxydopamine (6-OHDA) is a neurotoxin that selectively de-
stroys catecholaminergic nerves in sympathetically innervated tissues 
and has been widely used to create animal models of Parkinson’s disease 
[49]. To confirm that Piezo1-deficient macrophages regulate the 
development of obesity by affecting sympathetic nerve activity and 
influencing adaptive thermogenesis, we locally injected 6-OHDA into 
bilateral fat pads for local sympathetic denervation. This injection 
significantly reduced the body weight difference between Piezo1flox/+

and Piezo1Δlyz2 groups specifically under a high-fat diet (Fig. 6A, B). 
Importantly, no notable difference in body weight was observed be-
tween Piezo1flox/+ and Piezo1Δlyz2 mice on a low-fat diet, regardless of 
the intervention (Supplementary Fig. 6A). Notably, the rectal tempera-
ture difference under cold stimulation was significantly attenuated 
following 6-OHDA intervention, irrespective of whether the mice were 
on a high-fat or low-fat diet (Fig. 6C, Supplementary Fig. 6B). We 

Fig. 4. Myeloid Piezo1 regulates weight gain and glucose tolerance in sympathetic activity-dependent pathway. 
(A) Representative western blot analysis for UCP1, ATGL, p-HSL, and t-HSL in 3T3L1 adipocytes co-cultured with Piezo1flox/+ and Piezo1Δlyz2 BMDMs. (B) Repre-
sentative western blot analysis for UCP1, ATGL, p-HSL, and t-HSL in 3T3L1 adipocytes with 5 μM Yoda1 treated BMDMs or DMSO-treated BMDMs. (C) Representative 
western blot analysis for p-TH and TH in PC12 cells exposed to conditional medium from Piezo1flox/+ and Piezo1Δlyz2 BMDMs. (D) Representative western blot 
analysis for p-TH and TH in PC12 cells exposed to conditional medium from 5 μM Yoda1-treated or DMSO-treated BMDMs. (E) KEGG pathway enrichment analysis of 
genes downregulated in KO ATMs (Log2FC > 0.5, Padj<0.05). (F) KEGG pathway enrichment analysis of genes upregulated in Piezo1Δlyz2 ATMs (Log2FC > 0.5, 
Padj<0.05). (G) GSEA profiles revealing the axon guidance pathway in ATMs from Piezo1flox/+ and Piezo1Δlyz2 mice on HFD. (H) Heat map illustrating genes in the 
Axon guidance pathway based on the normalized read count of genes in ATMs from Piezo1flox/+ and Piezo1Δlyz2 mice on HFD. 
HFD, high-fat diet; KEGG, Kyoto Encyclopedia of Genes and Genomes; BMDMs, bone marrow-derived macrophages; GSEA, Gene Set Enrichment Analysis; p-TH, 
phosphorylated tyrosine hydroxylase.
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hypothesize that the localized elevation of NE levels induced by cold 
exposure may have amplified this physiological discrepancy. 6-OHDA 
treatment significantly inhibited the expression of p-TH, TH, and lipid 
metabolism-related proteins during obesity (Fig. 6D, Supplementary 
Fig. 6C). Immunohistochemical analysis revealed a considerable inhi-
bition of UCP1 and TH expression (Fig. 6E). These results suggested that 
the function of Piezo1 depends on sympathetic activity.

Since immune cells also partially express NE receptors but have been 
confirmed to lack TH expression, we selected a tyrosine hydroxylase 
inhibitor, α-methyl-p-tyrosine (αMPT) for local adipose tissue injection 
to more precisely verify the critical role of sympathetic nerves in this 
process. We then measured short-term body weight changes in Piezo1-
flox/+ and Piezo1Δlyz2 mice under HFD and LFD conditions. The results 
showed remarkable similarity to those from 6-OHDA administration: 
local αMPT administration also eliminated the differences in weight gain 
and cold tolerance between Piezo1flox/+ and Piezo1Δlyz2 mice on HFD 
(Supplementary Fig. 6D–F). Collectively, the experimental results from 
both αMPT and 6-OHDA indicate that the effect of Piezo1 on body 
weight regulation is sympathetic nerve-dependent.

To further confirm the role of the Slit3–ROBO1 axis in the function of 
Piezo1 in ATMs, we locally injected shROBO1 or shCtrl solution into 
bilateral fat pads. ROBO1 knockdown produced effects similar to that of 
6-OHDA treatment in HFD-fed mice. shROBO1 injection reduced vari-
ations in body weight, rectal temperature under cold stimulation be-
tween Piezo1flox/+ and Piezo1Δlyz2 mice (Fig. 6F–H). shROBO1 
significantly inhibited the expression of p-TH, TH, and lipid metabolism- 
related proteins (Fig. 6I, Supplementary Fig. 6H). Immunohistochemical 
analysis revealed considerable inhibition of UCP1 and TH expression 
upon shROBO1 treatment (Fig. 6J). These results suggest that the 
Slit3–ROBO1 pathway is indispensable for the neuroregulatory function 
of Piezo1 in ATMs in vivo.

To dissect the macrophage-autonomous role of ROBO1, we trans-
planted shROBO1 -treated Piezo1flox/+ or Piezo1Δlyz2 bone marrow cells 
into recipient mice, followed by dietary challenge (LFD or HFD), thereby 
directly testing the necessity of macrophage-intrinsic Robo1 signaling in 
obesity pathogenesis (Supplementary Fig. 7A). The results demonstrated 
that, following bone marrow cell transplantation, recipient mice under 
LFD conditions showed no significant differences in body weight or 
glucose tolerance, consistent with our previous findings (Supplementary 
Fig. 7B, D, E). However, under HFD challenge, Piezo1Δlyz2 cell- 
transplanted mice exhibited markedly increased body weight and 
more severe glucose tolerance impairment (Supplementary Fig. 7C). 
Critically, Robo1 interference in macrophages failed to induce discern-
ible phenotypic alterations under HFD-fed (Supplementary Fig. 7F-G). 
This finding suggests that Slit3-mediated regulation does not operate 
through macrophage-autonomous autocrine signaling loops.

3.7. Piezo1 activates Slit3 expression through the transcription factor SP1 
in BMDMs

To further explore the molecular mechanism by which Piezo1 pro-
motes the expression and secretion of Slit3, transcription factor pre-
diction was performed to identify the possible transcription factors that 
regulate Slit3 expression based on multiple transcription factor 

databases. Seven candidates, JUND, STAT1, YY1, RELA, PAX5, POU5F1 
and SP1 were identified via a Venn diagram approach (Fig. 7A). That is, 
these seven candidates were found at the intersection of all the sets in 
the Venn diagram and might mediate the expression of Slit3. Therefore, 
we used small interfering RNA (siRNA) of these seven transcription 
factors and verified the interference efficiency (Supplementary Fig. 6I). 
After adding Yoda1 and different siRNA to BMDMs, we examined Slit3 
expression and found that suppression of SP1 significantly reduced Slit3 
expression (Fig. 7B). In addition, Yoda1 can increase the SP1 trans-
portation to the nucleus in BMDMs (Fig. 7C, Supplementary Fig. 6J). At 
the protein level, inhibition of SP1 could inhibit the secretion of Slit3 
stimulated by Yoda1(Fig. 7D). We verified that Yoda1 increases SP1 
binding in the Slit3 promoter region by Chip-qPCR (Fig. 7E). Further-
more, our in vivo RNA-seq data revealed that other downstream genes 
transcriptionally regulated by SP1 exhibited consistent trends with Slit3 
(Fig. 7F), further confirming that SP1 is regulated by Piezo1-mediated 
mechanosensory signaling. These findings suggested that SP1 plays an 
important role in the effect of the Piezo1 in promoting the Slit3 
expression in BMDMs.

4. Discussion

In this study, we demonstrated that Piezo1-dependent mechano-
sensation in ATMs enhances the secretion of Slit3 by activating tran-
scription factor SP1 during obesity. Consequently, Slit3 plays a crucial 
role in promoting the synthesis and release of NE in sympathetic neurons 
by binding to the ROBO1 receptor and facilitating the phosphorylation 
of TH. This cascade of events leads to improved lipolysis and heat pro-
duction, ultimately limiting the progression of obesity. These findings 
suggest that Piezo1 in ATMs mediate a negative feedback mechanism. As 
obesity develops, an increased number of ATMs accumulate in adipose 
tissue, and these mechano-activated ATMs promote NE secretion and 
thermogenesis, contributing to the maintenance of energy homeostasis 
and body temperature. However, specific knockout of Piezo1 disrupts 
this negative feedback loop, exacerbating the imbalance between energy 
storage and expenditure in obese mice.

Thermogenesis has long been associated with BAT. However, expo-
sure to cold triggers the infiltration of ATMs into subcutaneous WAT via 
CCR2 [50] and HFD also promotes the recruitment of ATMs to infiltrate 
visceral WAT [51], emphasizing the crucial role of WAT ATMs in 
regulating energy expenditure, particularly thermogenesis. Our findings 
suggest that accumulated and Piezo1-activated ATMs in WAT may 
promote thermogenesis in a NE-dependent manner. This sheds light on 
the pivotal role of infiltrated ATMs in adipocyte thermogenesis. NE, 
secreted by sympathetic nerve terminals, serves as a central and well- 
studied hormone governing ligand-mediated adaptive and facultative 
adipocyte thermogenesis [52]. While previous research has predomi-
nantly focused on β-adrenergic receptor (β-AR) signaling and UCP1 
expression in NE-mediated thermogenesis [53,54], our findings indicate 
a decreased expression of UCP1 in both WAT and BAT of HFD- 
challenged Piezo1Δlyz2 mice. This confirms the involvement of Piezo1 
in ATMs in the thermoregulatory network.

M1 macrophages are key contributors to chronic inflammation and 
insulin resistance in HFD-induced obese mice. Selective deletion of 

Fig. 5. Myeloid Piezo1 enhances TH activity in sympathetic nerves by upregulating Slit3 expression. 
(A) Western blot analysis for Slit3 in BMDMs treated with 5 μM Yoda1 or DMSO for 24 h. (B) Slit3 secretion by BMDMs treated with 5 μM Yoda1 or DMSO for 24 h. 
(C) Slit3 levels in medium from iWAT isolated from Piezo1flox/+ and Piezo1Δlyz2 mice with HFD fed (n = 3 per group). (D) Heat map illustrating inflammation-related 
genes based on the normalized read count of genes in ATMs from Piezo1flox/+ and Piezo1Δlyz2 mice fed with HFD. (E) GSEA profiles revealing the inflammatory 
response pathway in ATMs from Piezo1flox/+ and Piezo1Δlyz2 mice on HFD. (F) Cytokine array images of serum cytokine/chemokine of HFD-Piezo1flox/+ mice and 
HFD-Piezo1Δlyz2 mice. (G) Slit3 levels in supernatant from M0, M1 and M2 BMDMs by Elisa (n = 6). (H) Schematic diagram of bone marrow transplantation with or 
without Slit3 interference. (I) Body weight records of recipient mice exposed to HFD for 12 weeks (n = 6 mice per group). (J) Results of GTT for recipient mice on 
HFD for 12 weeks (n = 6 mice per group). (K) Results of ITT for recipient mice on HFD for 12 weeks (n = 6 mice per group). Statistical significances were calculated 
using (B, C) two-tailed Student t-test, (I) two-way ANOVA, (G, J, K) one-way ANOVA and Tukey’s multiple comparisons test. Data are expressed as the mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001; **** P < 0.0001, ns = not significant. 
HFD, high-fat diet; LFD, low-fat diet; ATMs, adipose tissue macrophages; GTT, glucose tolerance test; ITT, insulin tolerance test; GSEA, Gene Set Enrichment Analysis.
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Fig. 6. Adaptive thermogenesis enhancement by myeloid Piezo1 is blocked by sympathetic blockade. 
(A) Body weight records, (B) increased body weight analysis, (C) rectal temperature measurements under cold challenge. (D) representative western blot analysis, 
and (E) representative immunohistochemical images of Piezo1flox/+ and Piezo1Δlyz2 mice challenged with HFD with or without bilateral fat pad injection of 6-OHDA 
(6-Hydroxydopamine) (200 μg per lobe) for 7 days (n = 6 mice per group). (F) Body weight records, (G) increased body weight analysis, (H) rectal temperature 
measurements under cold challenge. (I) representative western blot analysis, and (J) representative immunohistochemical images of WAT from Piezo1flox/+ and 
Piezo1Δlyz2 mice challenged with HFD with shROBO1 or shCtrl injected bilaterally into the fat pad three times a week (n = 6 mice per group). Data are expressed as 
the mean ± SD. Statistical significances were determined using (C, H) two-way ANOVA and (B, G) one-way ANOVA and Tukey’s multiple comparisons test. *P <
0.05, ns = not significant. 
NE, norepinephrine; HFD, high-fat diet; 6-OHDA, 6-hydroxydopamine.
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CD11c+ M1 macrophages through the administration of diphtheria 
toxin, with the diphtheria toxin receptor expressed under the control of 
the CD11c promoter in obese mice, leads to improved insulin sensitivity 
and reduced inflammatory markers [55]. TNF-α and the pro- 
inflammatory lectin Galectin-3, secreted by M1 macrophages, can 
inhibit insulin-stimulated glucose uptake in adipocytes [56,57]. Acti-
vation of Piezo1 in macrophages can upregulate the expression of pro- 
inflammatory M1-related genes induced by interferon-γ (IFN-γ) or 
lipopolysaccharide (LPS) while suppressing the expression of IL-4- and 
IL-13-induced anti-inflammatory M2-related genes [37]. Thus, we 
initially speculated that Piezo1 deficiency in ATMs would reduce 
inflammation and mitigate obesity. Counterintuitively, Piezo1 defi-
ciency in ATMs resulted in increased body weight and the development 

of insulin resistance in obese mice, despite the lower expression of pro- 
inflammatory M1-related genes and higher expression of anti- 
inflammatory M2-related genes in Piezo1-deficient ATMs. Our valida-
tion using 6-OHDA and shROBO1 validates that Piezo1-activated ATMs 
can modulate NE-dependent thermogenesis in obese mice, exerting a 
more pronounced effect than inflammatory cytokines on energy bal-
ance. This unexpected outcome may also be partly attributed to the 
chronic low-grade systemic inflammation characterizing obesity [58], 
which differs from acute systemic immune responses such as infection or 
tissue damage, where the inflammation-regulatory function of Piezo1 
may not prevail in the HFD-induced mouse model.

The relationship between macrophages and the sympathetic nervous 
system remains a topic of debate. While some researchers have posited 

Fig. 7. Piezo1 activates Slit3 expression through the transcription factor SP1 in BMDMs (A) Venn diagram showing the possible target transcription factor of Slit3 by 
three online databases (i.e., GTRD, TFDB and PROMO). (B) qRT-PCR analysis of Slit3 after transfected with small interfering RNA of different transcription factors in 
BMDMs. (C) Representative western blot analysis for SP1 in BMDMs with or with not Yoda1 in medium. (D) Elisa analysis for Slit3 in BMDMs exposed to Yoda1 or 
with SP1 knock-down. (E) The SP1 antibody was used for Chip-qPCR test, the Slit3 promoter sequence was designed by primer, and the enriched DNA was detected 
by qPCR in BMDMs with or without Yoda1. (F) Heat map illustrating SP1-related genes based on the normalized read count of genes in ATMs from Piezo1flox/+ and 
Piezo1Δlyz2 mice fed with HFD. Statistical significances were calculated using (B, D) one-way ANOVA and Tukey’s multiple comparisons test. Data are expressed as 
the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; **** P < 0.0001, ns = not significant.
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that M2 ATMs in WAT can directly produce NE to promote thermo-
genesis [59], Katrin Fischer et al. proposed an opposing viewpoint. 
Through the generation of mice with a specific absence of TH in mac-
rophages, they established that the absence of TH in myeloid cells does 
not impact adaptive thermogenesis in mice [43]. Consequently, the 
prevailing consensus is that macrophages do not directly regulate 
thermogenesis by producing NE. Notably, Pirzgalska Roksana M et al. 
identified a novel subset of sympathetically associated macrophages 
(SAMs) that functionally regulate thermogenesis through MAOA and the 
norepinephrine transporter, SLC6A2, mediating the clearance of extra-
cellular NE [31]. Our findings helped exclude the possibility that Piezo1 
activation may regulate the expression of MAOA and SLC6A2. 
Furthermore, M2 macrophages have been shown to stimulate sympa-
thetic innervation in mice by secreting Slit3. However, the dynamic 
regulation of Slit3 secretion by the altered microenvironment in adipose 
tissue during obesity remains unknown. Here, we observed that Piezo1 
activation significantly enhances the expression and secretion of Slit3, 
suggesting that Slit3 may serve as a novel mechanosensitive signal in 
ATMs.

Regarding the neurotransmitters of the sympathetic nervous system, 
we have thoroughly evaluated the potential interference of epinephrine 
(adrenaline) on experimental outcomes. It is important to note that both 
epinephrine and NE play roles in mobilizing lipid metabolism during 
stress responses [60]. However, the synthesis of epinephrine critically 
depends on phenylethanolamine N-methyltransferase (PNMT), whose 
expression relies on cortisol secreted by the adrenal cortex [61,62]. 
Consequently, epinephrine is primarily synthesized in the adrenal me-
dulla rather than peripheral tissues, exerting systemic effects through 
circulatory distribution [63]. In contrast, NE is mainly secreted by 
sympathetic nerve terminals for local sympathetic regulation [64]. 
Previous studies have demonstrated that sympathetic nerve blockade 
effectively inhibits lipid mobilization in adipose tissue, whereas adrenal 
demedullation fails to produce such effects [65–68]. Our findings 
corroborate this by showing undetectably low levels of epinephrine in 
local adipose tissue, with significant differences observed specifically in 
NE levels between Piezo1flox/+ and Piezo1Δlyz2 mice. These results un-
derscore the pivotal role of sympathetic nerve-derived NE in maintain-
ing adipose tissue homeostasis.

Collectively, our findings suggest that the activation of Piezo1 en-
hances the expression and secretion of Slit3, which subsequently acts on 
the ROBO1 receptor in sympathetic neurons. This activation promotes 
sympathetic nerve activity and augments adaptive thermogenesis in 
mice. This mechanosensitive signaling pathway not only advances our 
understanding of mechanosensation in obesity but also offers potential 
targets for future mechano-therapeutic strategies aimed at mitigating 
obesity and type 2 diabetes.
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