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Introduction: Obesity is a well-established risk factor for asthma pathogenesis. However, the underlying mechanisms remain 
incompletely understood, and effective therapeutic interventions are currently lacking, making asthma management in obese indivi
duals particularly challenging. Asthma is characterized by chronic airway inflammation, eosinophilic infiltration, and airway hyperre
sponsiveness (AHR). In this study, we investigated the novel role of fibroblast growth factor 21 (FGF21), a stress-inducible hepatokine 
with pleiotropic metabolic regulatory functions, in obesity-associated AHR using a diet-induced obesity mouse model (n = 10).
Material and Methods: Serum samples were collected from obese and lean asthma patients, along with relevant clinical indicators, 
including body mass index (BMI), forced expiratory volume in 1 second (FEV1%), and the FEV1/forced vital capacity (FVC) ratio, to 
facilitate the investigation. Moreover, diet-induced obese mice with innate AHR (male, n = 10) were employed to clarify the effects of 
FGF21 and FGF21-neutralizing antibody on obesity induced AHR. In vitro, LAD2 human mast cells and P815 murine mast cells 
activated by compound 48/80 were used to elucidate the underlying mechanisms.
Results: Our findings demonstrate that serum FGF21 levels exhibit reportedly elevated in participants with obesity and are associated 
with impaired pulmonary function. In diet-induced obese (DIO) mice, FGF21 levels were increased in both serum and bronchoalveolar 
lavage fluid (BALF). In vivo investigations demonstrate that administration of recombinant FGF21 exacerbated AHR in DIO mice, 
whereas FGF21-neutralizing antibody treatment ameliorated obesity-induced AHR and suppressed mast cell infiltration. 
Mechanistically, FGF21 was found to potentiate mast cell activation through cholesterol biosynthesis modulation. Crucially, pharma
cological inhibition of FGFR1 abrogated FGF21-induced mast cell hyperactivity and cholesterol synthesis, indicating FGFR1- 
dependent signaling in this process.
Conclusion: These findings may represent the FGF21/FGFR1 axis as a potential therapeutic target for obesity-related AHR and 
asthma.
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Introduction
Obesity constitutes a significant independent risk factor for asthma development.1 The escalating global prevalence of 
obesity has led to a parallel surge in asthma cases among obese populations, prompting recognition of “obesity- 
associated asthma” as a distinct clinical phenotype characterized by heightened symptom severity and increased 
exacerbation frequency.2 Current therapeutic strategies exhibit limited efficacy in this patient subgroup, with clinical 
studies demonstrating reduced responsiveness to corticosteroids and β-agonists in obese asthmatics.3,4 Although sub
stantial evidence links obesity to asthma pathogenesis and progression, the precise molecular mechanisms underlying this 
association remain poorly understood.
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Fibroblast growth factor 21 (FGF21), a hepatokine induced by metabolic stress, serves as a central regulator of glucose 
and lipid homeostasis.5,6 This pleiotropic hormone modulates fatty acid oxidation in hepatic tissue while enhancing glucose 
metabolism in adipose depots.7 Notably, emerging evidence suggests FGF21 promotes white adipose tissue browning, 
a process critical for systemic energy balance regulation.8 These metabolic properties have positioned FGF21 and its analogs 
as promising therapeutic candidates for obesity-related comorbidities, including hyperglycemia, insulin resistance, and non- 
alcoholic steatohepatitis.5,9 Despite its metabolic benefits, the potential roles of FGF21 in respiratory pathologies remain 
insufficiently explored. FGF21 has been reported to exert immunomodulatory effects by regulating immune cell metabolism, 
thereby influencing immune cell activation and effector function under stress conditions. For example, FGF21 in the tumor 
microenvironment has been shown to promote T cell exhaustion and impair CD8+ T cell cytotoxicity. These observations 
suggest that stress-induced FGF21 upregulation may remodel local immune microenvironments through metabolic repro
gramming of immune cells, although the precise mechanisms remain to be clarified.10 Previous studies have shown that in 
patients with allergic asthma, fibroblast growth factor 21 (FGF21) levels are negatively correlated with pulmonary function.11 

Clinically relevant elevations in circulating FGF21 observed in obese individuals12,13 raise intriguing questions about its 
potential immune regulatory effects on airway pathophysiology.

Airway hyperresponsiveness (AHR), recognized as a defining clinical characteristic of asthma, is described as an 
abnormal tendency of the airways to undergo bronchoconstriction when exposed to stimuli that are typically innocuous to 
healthy individuals.14 The pathogenesis of AHR involves multifactorial mechanisms, including dysregulated inflamma
tory mediators and environmental triggers that potentiate airway smooth muscle hypercontractility, ultimately contribut
ing to asthma exacerbations.15 Preclinical studies have established that obesity induces innate AHR,16 positioning DIO 
mice as a validated experimental model for investigating obesity-related asthma pathophysiology. Preclinical studies 
have established that obesity induces innate AHR,16 positioning diet-induced obese (DIO) mice as a validated experi
mental model for investigating obesity-related asthma pathophysiology. Building on these observations, we employed 
a model of obesity-induced AHR in mice in the absence of any allergen or antigen challenge, allowing us to examine the 
direct effects of obesity on airway physiology independently of classical allergic sensitization.

Mast cells are important immune defense cells that can rapidly respond to a variety of stimuli and participate in inflammatory 
responses and tissue repair.17,18 However, the activation of mast cells in many diseases is potentially deleterious, including 
asthma and systemic mastocytosis.19,20 Mounting research reports that the release of mediators by activated mast cells plays an 
important role in promoting asthma.19,21 The activation of mast cells can be induced by a variety of stimuli, including IgE, 
cytokines, complement, pollutants, and drugs.19,22 Emerging evidence suggests that mast cells may serve as a mechanistic link 
between obesity and asthma. Obesity-related factors, including elevated adipokines, IL-33, IL-9, and neuropeptides, can activate 
pulmonary mast cells, leading to airway inflammation, hyperresponsiveness, and remodeling, supporting a potential role for 
mast cells in mediating obesity-associated airway dysfunction.23 Nevertheless, the precise mechanisms require further inves
tigation. In the previous study, bariatric surgery could improve pulmonary function and reduce the number of mast cell in the 
airways.24 However, the role of mast cell activation in obesity-associated AHR is not yet illustrated.

In this study, we elucidate a previously unrecognized role of FGF21 in obesity-associated AHR using a DIO murine 
model. Our findings demonstrate that elevated FGF21 levels in both serum and bronchoalveolar lavage fluid (BALF) 
inversely correlate with impaired pulmonary function parameters, including FEV1% and the FEV1/FVC ratio. Through 
in vivo experimentation, we observed that exogenous recombinant FGF21 administration exacerbated AHR in obese 
mice, whereas FGF21-neutralizing antibody treatment attenuated obesity-induced AHR and suppressed mast cell 
activation. Mechanistic investigations revealed that FGF21 potentiates AHR through FGFR1-dependent upregulation 
of cholesterol biosynthesis pathways. Collectively, these findings provide compelling preclinical evidence supporting the 
therapeutic potential of targeting the FGF21/FGFR1 axis for asthma management in obese populations.

Methods
Study Subjects
This study was approved by the Research Ethics Committee of Beijing Chao-Yang Hospital (No. 2020-ke-415). All 
participants provided written informed consent after being fully informed of the study objectives, procedures, potential 
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risks and benefits, and the voluntary nature of participation. Lean control participants (n=26, BMI 18.5–24 kg/m2) were 
recruited from routine health check-up attendees, and obese control participants (n=17, BMI ≥ 28 kg/m2) were recruited 
as individuals with obesity. All control participants had no history of asthma or other chronic respiratory diseases. 
Exclusion criteria were applied as described for the patient groups. Fasting peripheral blood samples were collected from 
all participants for subsequent analyses. Adult patients with asthma were recruited between July 2020 and 
December 2020, including lean patients (n = 23) and obese patients (n = 20). Obesity (BMI ≥ 28 kg/m2) and leanness 
(18.5 ≤ BMI < 24 kg/m2) were defined according to body mass index (BMI) criteria in Chinese Guidelines for the 
Prevention and Control of Overweight and Obesity in Adults (2021 Revision).25 The diagnosis of asthma was established 
based on Global Initiative for Asthma (GINA, 2023).26 The exclusion criteria include: (1) Patients with chronic 
obstructive pulmonary disease (COPD), bronchiectasis, cystic fibrosis, interstitial lung disease (ILD), infectious lung 
disease, pulmonary embolism, pulmonary hypertension, acute respiratory distress syndrome (ARDS), and pneumoco
niosis; (2) Patients who receive systemic steroids therapy or biologic therapy, including omalizumab; (3) Pregnant and 
lactating females; (4) Cancer patients. Detailed demographic and clinical information was collected at enrollment. 
Asthma treatment status was recorded according to the GINA recommendations. Asthma-related medications, particu
larly inhaled corticosteroids (ICS), systemic corticosteroids, and biologic therapies (eg, omalizumab), were carefully 
recorded due to their potential effects on FGF21 levels and pulmonary function. At the time of enrollment, some patients 
(n=23) were receiving inhaled corticosteroid (ICS)–based therapy, while others (n=20) had not yet initiated controller 
medication. Patients receiving systemic corticosteroids or biologic therapies were excluded from the study in accordance 
with the predefined exclusion criteria. Clinical characteristics of the study participants are summarized in Table 1. Fasting 
peripheral venous blood was collected from all patients, and 1 mL of residual serum after routine clinical tests was used 
for analysis. Samples were immediately aliquoted and stored at −80°C, with a maximum of one freeze-thaw cycle prior 
to analysis. The time from blood draw to freezing did not exceed 2 hours. Pulmonary function tests were performed at the 
same visit as fasting blood collection, ensuring temporal alignment with the serum measurements. The study adhered to 
the Declaration of Helsinki.

Table 1 Characteristics of the Subjects

Variables Lean Patients with 
Asthma (n=23)

Obese Patients with 
Asthma (n=20)

P value

Demographics Men/women (n) 10/13 11/9 0.55
Age (years, mean±SEM) 42.70±3.32 52.20±3.38 0.05

BMI (kg/m2, IQR) 22.10(20.80–23.00) 29.94 (29.18–32.05) < 0.001

Inflammatory subtype Peripheral EOS (%, IQR) 2.70(2.30–6.30) 3.55(2.28–7.18) 0.69
Peripheral EOS*10^9/L (IQR) 0.23(0.14–0.38) 0.24(0.15–0.55) 0.75

Peripheral NEUT (%, mean±SEM) 58.49±1.51 59.47±1.27 0.63

Peripheral NEUT*10^9/L (IQR) 3.72(3.26–4.94) 4.55(4.21–5.13) 0.04
Pulmonary function FeNO (ppb, IQR) 37.00(16.00–71.00) 31.50(20.00–63.25) 0.95

FEV1 (%, IQR) 97.90(78.50–105.60) 89.40(74.35–106.10) 0.57

FEV1/FVC% (mean±SEM) 72.30±2.80 71.17±1.80 0.74
Smoking status Current (n,%) 1 (4.35) 1 (5.00) > 0.99

Former (n,%) 4 (17.39) 3 (15.00) > 0.99

Never (n,%) 18 (78.26) 16 (80.00) > 0.99
Medications Inhaled corticosteroids (n,%) 13 (56.52) 10 (50.00) 0.76

Systemic corticosteroids (n,%) 0 (0) 0 (0) > 0.99

Biologics (n,%) 0 (0) 0 (0) > 0.99

Abbreviations: SEM, standard error of mean; IQR, interquartile range.
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Animals
Mouse models of obesity-induced AHR were used in this study. C57BL/6J mice (6-week-old, male) were provided 
by Vital River Laboratory Animal Technology Company (Beijing, China). Only male C57BL/6J mice were used in 
this study, which may limit the generalizability of the findings to females. After a 1-week adaptation period, the 
mice were fed with a high fat diet (HFD, 60% fat, D12492, Research Diets) or a regular chow diet (CD, 10% fat, 
D12450J, Research Diets) for 16 weeks. Each experimental group consisted of 10 mice. A predefined exclusion 
criterion was a body weight of less than 35 g; however, all mice in the diet-induced obesity model exceeded this 
threshold, and no animals were excluded from the analysis. Obese mice fed with HFD at 21–24 weeks of age 
exhibited marked innate AHR when contrasted with lean mice.27 Therefore, these obese mice were used as models 
for obesity-induced AHR in this study. Mice were randomly assigned to the control and treatment groups using 
a random number method. To clarify the effect of FGF21 in obesity-induced AHR, the mice were intraperitoneally 
injected with recombinant FGF21 (i.p, 1.5 mg/kg). Recombinant mouse FGF21 was purchased from 
MedChemExpress (HY-P72651). For all in vivo experiments, vehicle-treated controls were included to control for 
non-specific effects. Moreover, the mice were treated with anti-FGF21 neutralizing antibody or control IgG (i.p, 
10 μg per mouse) every four days. Mice were divided into four groups: lean + IgG, obese + IgG, lean + anti-FGF21, 
and obese + anti-FGF21. Anti-FGF21 antibody (AF3057) and control IgG (AB-108-C) were purchased from Bio- 
Techne. All mice were housed in static cages (5 mice/cage) at 22–24°C under a cycle with 12 h/12 h of darkness and 
light. Water and food were available ad libitum. At the end of the experiment, mice were euthanized under 
anaesthesia via pentobarbital sodium (0.3%), and serum and tissues were obtained for subsequent experiments. 
Mice were fasted for 6 h before blood sampling. BALF was collected by euthanizing the mice, cannulating the 
trachea, and gently lavaging the lungs three times with 0.5 mL of cold sterile PBS. The recovered lavage fluid was 
pooled for subsequent analyses. A total of 40 mice were used in this study. The sample size for the formal 
experiment was estimated based on the results of the preliminary study. All animal procedures were performed in 
compliance with the Health Guidelines established by Capital Medical University (No. AEEI-2024-102) and in 
accordance with the ARRIVE guidelines.

Enzyme-Linked Immunosorbent Assay (ELISA)
FGF21 concentration in serum collected from patients was measured by ELISA kits (Human FGF21 ELISA Kit, Sangon 
Biotech) with a detection range of 31.25–2000 pg/mL. And ELISA kits (Mouse FGF21 ELISA Kit, Sangon Biotech) 
were used to measure FGF21 concentration in mouse serum and BALF according to the manufacturer’s protocols, which 
had a detection range of 31.25–2000 pg/mL.

AHR Measurement
The specific airway resistance (sRaw) of 22 week age of mice was measured using non-invasive airway mechanics 
(Buxco FinePointe, DSI). In the test, methacholine (0, 12.5, 25, 50 mg/mL) was used as a stimulant. The methacholine 
solution was nebulized via an atomizing pump and the mice were subjected to methacholine exposure. The adaptation 
period lasted for 5 minutes, the nebulization time was 1 minute, the reaction time was 5 minutes, and the recovery time 
was 2 minutes. The sRaw values within the reaction time range were recorded. To investigate the role of Anti-FGF21 in 
obesity induced AHR, changes in pulmonary resistance (RL) was assessed using the animal pulmonary function analysis 
system (AniRes2005, Bioon, China). In the test, methacholine (0, 0.2, 0.4, 0.8 mg per mouse) was used as a stimulant. 
The mice were injected intravenously with methacholine. The adaptation period lasted for 5 minutes, the reaction time 
was 5 minutes, and the recovery time was 2 minutes. The RL values within the reaction time range were recorded. 
Average RL values were calculated. A different respiratory measurement platform was used in the anti-FGF21 interven
tion experiments due to equipment availability; however, all measurements were performed under standardized condi
tions and using established methacholine challenge protocols. Comparisons were made within each experimental system 
rather than across platforms.
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Immunohistochemistry
Immunohistochemical staining was performed to detect chymase expression in lung tissues. Lung samples were fixed in 
4% paraformaldehyde, embedded in paraffin, and sectioned at 5 μm thickness. After deparaffinization, rehydration, and 
antigen retrieval, tissue sections were incubated with a primary antibody against chymase (Santa Cruz Biotechnology, sc- 
71540; dilution 1:100) overnight at 4 °C. A polymer-based horseradish peroxidase–conjugated secondary antibody was 
then applied according to the manufacturer’s instructions. Images were acquired using a fluorescence microscope and 
quantified with ImageJ.

Cell Culture and Treatment
The P815 cells were purchased from Oricell (Cyagen Biosciences, China). It was cultured in complete DMEM (Gibco, 
USA) supplemented with 10% fetal bovine serum (FBS). The LAD2 (laboratory of allergic diseases 2) cells used in this 
study were generously provided by professor Zhao Hongmei from Institute of Basic Medical Sciences, Chinese Academy 
of Medical Sciences. LAD2 cells were cultured in complete RPMI1640 medium (Gibco, USA). To investigate the effect 
of FGF21 at various dosages on mast cell activation, P815 and LAD2 cells were pretreated with FGF21 (0, 100, 200, 400 
ng/mL) for 24 h. For the in vitro mast cell activation assay, the cells were incubated with Compound 48/80 (40 μg/mL) 
dissolved in TM buffer for 1 hour before the release detection of β-hexosaminidase and histamine. For the knockdown of 
sterol regulatory element binding transcription factor 1 (SREBF1), cells were transfected with siRNA using 
Lipofectamine™ RNAiMAX (Thermo Fisher Scientific, No. 13778075) according to the manufacturer’s instructions. 
The sequence of SREBF1-siRNA was 5′CGGAGAAGCUGCCUAUCAATT3′, and the sequence of siRNA-NC was 5′ 
UUCUCCGAACGUGUCACGUTT3’. To inhibit the activation of FGFR1, we used the specific antagonist PD173074 at 
a concentration of 200 nM. The cells were pretreated with PD173074 for 24 hours prior to FGF21 administration. In the 
in vitro experiment, three independent experiments were performed and three replicas were analyzed in each experiment.

Quantitative RT-PCR
The relative expression levels of mRNA were examined by quantitative real-time polymerase chain reaction (qRT-PCR) 
method. The primers used in the experiment were synthesized by BGI Genomics and the sequences are listed inTable S1. 
Total RNA was extracted using RNAiso Plus (Takara, Shiga, Japan) and reverse transcripted using the FastKing RT kit 
(Tiangen, China). And PCR was conducted with the qPCR PreMix (SYBR Green) kit (Tiangen, China) Gene expression 
levels was normalised to GAPDH (2–ΔΔCT).

Western Blotting
Total protein was extracted using RIPA buffer supplemented with protease and phosphatase inhibitors and quantified 
using a Bradford assay. Equal amounts of protein were separated by 8% SDS–PAGE and transferred to PVDF 
membranes. Membranes were blocked with 5% skim milk and incubated with primary antibodies followed by fluores
cently labeled secondary antibodies. Protein bands were visualized using an LI-COR Odyssey imaging system. Primary 
antibodies included anti-GAPDH (ab8245, Abcam), anti-GABABR1 (CST #3835), and anti-GABAARα (sc-376282, 
Santa Cruz Biotechnology). Primary antibodies included anti-GAPDH (ab8245, Abcam) and anti-FGFR1 (ab63601, 
Abcam).

β-Hexosaminidase Release Assay
After incubation with Compound 48/80, the cells were centrifuged (1500 rpm, 4 °C) for 10 min. Then the culture 
supernatant was obtained. Triton X- 100 dissolved in TM buffer (1.0%) was applied for cell lysis. Then the cell lysis 
mixture was centrifuged (1500 rpm, 4 °C) for 10 min. And the lysate supernatant was obtained. The culture supernatant 
or lysate supernatant was mixed with the equal volume of N-Acetyl-D-glucosamine (NAG, 5 μM) dissolved in citrate 
buffer (pH4.5) and incubate at 37°C for 1 h. After that, NaHCO3/Na2CO3 buffer (0.1 M, pH10.0) was used for 
terminating the reaction. At the end, a microplate reader was used for measuring the OD value at 405 nm. The β- 
hexosaminidase release rate was calculated as the ratio of supernatant activity to total activity (supernatant + cell lysate).
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Histamine Release Assay
Histamine concentration in the culture supernatant released from mast cells was measured using His ELISA kit 
(D751012, Sangon Biotech, China).

Measurement of Cellular Calcium Concentration
Cellular calcium concentration was measured using Fluo-4 Calcium Assay Kit (S1061S, Beyotime, China). At the end, 
the cells were analyzed by fluorescent microscope (Olympus, Japan). The quantitative data was analyzed using Image J.

Measurement of Cellular Cholesterol Content
The Cholesterol Assay Kit (Cell-Based) (ab133116) was used for the measurement of cellular cholesterol content. Cells 
were fixed with 4% paraformaldehyde at room temperature for 15 min, followed by washing with phosphate-buffered 
saline. Filipin staining was performed for 1 hour using filipin III (50 μg/mL) according to the manufacturer’s instructions. 
The mast cells were pictured by a fluorescent microscope and the quantitative data was analyzed using Image 
J. Fluorescence images were acquired using a fluorescence microscope equipped with appropriate filter sets. Filipin 
fluorescence was detected using an excitation wavelength of 360 nm and an emission filter of 460 nm. All images were 
captured using identical exposure times, gain, and acquisition settings across experimental groups.

Statistical Analysis
Data conforming to a normal distribution are presented as means ± SEM, whereas data not conforming to a normal distribution 
presented as median (interquartile range). The data were analyzed using GraphPad Prism 8.00. An unpaired two-tailed t-test was 
employed to assess the differences between two groups when the data passed the equal variance test. For comparisons involving 
more than two groups, we used ANOVA followed by Bonferroni’s post hoc multiple comparisons tests. Mann–Whitney test was 
employed to assess the differences between two groups when the data did not follow a normal distribution. No data points were 
excluded. The experimenters and data analysts were blinded to the experimental group allocations. Statistically significant was 
set at p < 0.05.

Results
FGF21 Elevation in Obese Mice Correlates with Airway Hyperresponsiveness
HFD-induced obese mice develop intrinsic airway hyperresponsiveness (AHR), with significantly exacerbated respiratory 
resistance observed at 21–24 weeks compared to age-matched lean controls.27 To clarify FGF21’s role in obesity-associated 
AHR, we employed a DIO model (Figure 1A and B). Biochemical analysis revealed substantial upregulation of FGF21 in 
both serum (456.7 ± 131.7 pg/mL vs 42.4 ± 6.4 pg/mL, unpaired two-tailed t test, P=0.0056) and BALF (166.5 ± 14.2 pg/ 
mL vs 76.9 ± 5.0 pg/mL, unpaired two-tailed t test, P<0.0001) in HFD-fed obese mice (n=10) compared to chow-fed lean 
controls (n=10) (Figure 1C and D). Consistent with previous reports, DIO mice exhibited progressive AHR development, 
demonstrated by dose-dependent increases in airway resistance following methacholine challenge (0–50 mg/mL; 
Figure 1E). Strikingly, Pearson correlation analysis revealed strong positive associations between FGF21 levels (both 
serum: r=0.87, p<0.05; BALF: r=0.82, p<0.05) and methacholine-induced airway resistance (Figure 1F and G). These 
findings implicate FGF21 as a potential mediator in obesity-related AHR pathogenesis.

Circulating FGF21 Elevation Correlates with Pulmonary Dysfunction in Asthma 
Patients
To investigate the clinical relevance of FGF21 in obesity-associated AHR, we conducted a cross-sectional analysis comparing 
serum FGF21 levels between asthma patients with obesity and lean asthmatics. Quantification via ELISA revealed signifi
cantly elevated FGF21 concentrations in obese asthmatics (309.5 ± 21.7 pg/mL) compared to their lean counterparts (215.8 
±11.6 pg/mL) (Figure 2A). Serum FGF21 levels in asthma patients were significantly positively correlated with BMI (Pearson 
r = 0.49, P < 0.05), consistent with previous reports linking FGF21 to adiposity (Figure S1). To establish the functional 
relationship between FGF21 and respiratory pathophysiology, we performed correlation analyses of FGF21 levels against 
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spirometric parameters. Multivariable linear regression analysis adjusting for age demonstrated that serum FGF21 levels were 
independently associated with FEV1% (β= −0.65, P=0.028) and FEV1/FVC % (β=−0.65, P=0.037) (Figure 2B and C). These 
clinical observations suggest that FGF21 upregulation may contribute to airway dysfunction in obese asthma patients.

Figure 1 FGF21 is upregulated in serum and BALF of obese mice, and positively correlated with airway resistance. Mice were fed either a standard chow diet (lean) or 
a high-fat diet (obese) for 16 weeks prior to analysis. (A) Measurements of body weight from the lean and obese group mice. (B) Representative pictures of lean and obese 
mice. (C) Levels of serum FGF21 in lean and obese mice were measured by ELISA (n=10). (D) Levels of BALF FGF21 in lean and obese mice were measured by ELISA 
(n=10). (E) DIO mice exhibit pronounced AHR. Results showed the changes in specific airway resistance (sRaw) as a measure of AHR. (F) Pearson’s correlation tests results 
represent FGF21 level in serum of obese mice was positively correlated with sRaw (Cmethacholine:50.0 mg/mL). (G) Pearson’s correlation tests results represent FGF21 level 
in BALF of obese mice was positively correlated with sRaw (Cmethacholine:50.0 mg/mL). Data are mean ± SEM, **p < 0.01, ***p < 0.001.

Figure 2 FGF21 level is increased in serum from obese patients with asthma and positively correlated with reduced pulmonary function. (A) Serum FGF21 levels in lean 
patients with asthma and obese patients with asthma were measured by ELISA (n=20-23). Data are mean ± SEM, *p < 0.05, ***p < 0.001 (B) Multivariable linear regression 
results represent serum FGF21 level was negatively correlated with FEV1%. (C) Multivariable linear regression results represent serum FGF21 level was negatively 
correlated with FEV1/FVC%, n=43.
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FGF21 Neutralization Ameliorates Obesity-Induced AHR and Inhibits Mast Cell 
Infiltration
To establish causal relationships, we administered recombinant FGF21 (1.5 mg/kg, i.p.) or saline to DIO mice during 
methacholine challenge protocols (Figure 3A). Specific airway resistance (sRaw) measurements confirmed baseline AHR 
in DIO mice, consistent with previous reports.28 Notably, FGF21 administration exacerbated methacholine-induced 
airway resistance compared to saline controls (Figure 3B). In therapeutic intervention studies, anti-FGF21 neutralizing 
antibody or isotype control IgG was administered to lean and DIO mice (Figure 3E). While anti-FGF21 showed no 
significant effects on airway reactivity in lean mice, it markedly reduced methacholine-evoked lung resistance (RL) in 
DIO mice compared to IgG controls (Figure 3F).

Given the dual roles of mast cells in immune surveillance and pathological inflammation,17–20 we assessed their 
number and spatial distribution in the airway using chymase immunohistochemistry. DIO mice exhibited higher mast cell 
density in airway compared to lean controls (Figure 3C and D). FGF21 treatment further amplified mast cell infiltration 
in obese mice (Figure 3C and D), whereas anti-FGF21 reduced mast cell infiltration in the airway of obese mice 
(Figure 3G and H).

Considering FGF21’s metabolic benefits, we monitored the body weight, fasting blood glucose (FBG), serum insulin 
level and total cholesterol of mice following 12-day anti-FGF21 treatment. No significant differences were observed in 
these parameters between anti-FGF21 and IgG groups (Figure S2A–D). These findings demonstrate that mast cell 
infiltration and activation associated with FGF21 may contribute to obesity-associated AHR, and the pharmacological 
inhibition of FGF21 achieves airway benefits without disrupting metabolic homeostasis in a 12-day treatment.

Figure 3 Recombinant FGF21 aggravates AHR in obese mice, while Anti-FGF21 ameliorates obesity-induced AHR and inhibits mast cell infiltration. (A) The schematic 
diagram for recombinant FGF21 treatment in DIO mice. (B) Changes of airway resistance in DIO mice treated with recombinant FGF21. (C) Representative 
immunohistochemical images (× 400) for lung tissue sections staining of chymase. (D) Quantitative analysis of chymase staining. (E) The schematic diagram for Anti- 
FGF21 treatment in lean mice or DIO mice. (F) Changes of lung resistance (RL) in DIO mice treated with the Anti-FGF21. (G) Representative immunohistochemical images 
(× 400) for lung tissue sections staining of chymase. (H) Quantitative analysis of chymase staining. n=5. Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. IgG: the 
normal IgG control antibody.
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FGF21 Potentiates Mast Cell Activation via Modulating Cholesterol Biosynthesis
To mechanistically interrogate FGF21’s effects on mast cell, we employed LAD2 human mast cells and P815 murine 
mast cells activated by compound 48/80. Quantitative assessment of degranulation markers revealed that FGF21 dose- 
dependently enhanced β-hexosaminidase release and histamine secretion compared to vehicle controls (Figure 4A and 
B). An elevated intracellular calcium concentration is associated with mast cell activation and plays a key role in both 
initiating mast cell activation and facilitating the release of mast cell-derived mediators. Therefore, we detected the 
intracellular calcium concentration of mast cells treated with FGF21 or vehicle using the fluorescent probe Fluo-4 AM. 
Calcium imaging using Fluo-4 AM demonstrated that FGF21 treatment elevated intracellular Ca2+ levels in LAD2 and 
P815 cells versus vehicle (Figure 4C and D), confirming enhanced mast cell activation.

Given FGF21’s established metabolic regulatory roles, we hypothesized cholesterol biosynthesis modulation as 
a potential mechanism. Filipin III fluorescence quantification showed higher cholesterol in FGF21-treated mast cells 
(Figure 4E and F), corroborated by qRT-PCR showing upregulation of cholesterol biosynthesis genes in LAD2 cells 
(Figure 4G). Sterol regulatory element-binding protein 1 (SREBP1), which is a central transcription factor for lipid 
metabolism, was encoded by SREBF1. To verify that FGF21 promotes mast cell activation via up-regulating cholesterol 
biosynthesis, we silenced SREBF1 in LAD2 cells using siRNA (Figure 4H), which abrogated FGF21-induced cholesterol 
biosynthesis (Figure 4J and K). Crucially, restricted the release of β-hexosaminidase (Figure 4I) and the cellular calcium 
accumulation (Figure 4L and M) induced by FGF21. These data demonstrated that FGF21 functions as a positive 
regulator of mast cell activation via regulating cholesterol synthesis.

Enhancement of Cholesterol Synthesis and Mast Cell Activation in the Airway Induced 
by FGF21 Is FGFR1-Dependent
It has been reported that FGF21 could activate the FGFR1, FGFR2 and FGFR3 receptors. The public data in the Human 
Protein Atlas implies that mast cells within the airway might express FGFR1 at a high level (Figure 5A). To confirm 
potential receptors activated by FGF21 in airway mast cells, the expression of FGF21 receptors was measured. The result 
suggested that FGFR1 was abundantly expressed in mast cells, while FGFR2 and FGFR3 were barely expressed in mast 
cells (Figure 5B). Western blotting analysis confirmed the expression of FGFR1 protein in mast cells (Figure S3). These 
data indicate that FGF21 might enhance the biosynthesis of cholesterol and activate mast cell in airway by binding 
FGFR1. To verify this speculation, the FGFR1-specific antagonist PD173074 was used. Release rate of β-hexosaminidase 
from LAD2 cells pretreated with PD173074 was measured. The result indicated that FGF21 failed to increase the release 
rate of β-hexosaminidase from cells pretreated with PD173074 (Figure 5C). Moreover, the result suggested that 
PD173074 restricted the cellular calcium accumulation induced by FGF21 (Figure 5D and E). These data indicated 
that FGF21 activated mast cells was FGFR1-dependent. To further investigate the effect of PD173074 on the cholesterol 
synthesis in mast cells, the cholesterol biosynthesis-related genes expression were measured. And the results of qPCR 
analysis demonstrated FGF21 failed to up-regulate cholesterol biosynthesis-related genes in cells pretreated with 
PD173074 (Figure 5F). The cellular cholesterol content was measured using Filipin III staining assay and results 
indicated that the cholesterol content in mast cells treated with PD173074 and FGF21 was decreased compared with 
the cells treated with vehicle and FGF21 (Figure 5G and H). These data demonstrated that FGF21 promoted AHR in 
obese mice through increasing cholesterol synthesis and facilitating mast cell activation, which is FGFR1-dependent 
(Figure 6).

Discussion
Obesity constitutes an independent risk factor for the initiation or aggravation of asthma.29 Obesity-associated asthma 
represents a unique phenotype with specific immunological and pathological traits and demonstrates insensitivity to 
glucocorticoids and β-agonists.28 Research has failed to clarify the pathogenic mechanism of obese asthma, recognized as 
a metabolic-immune crosstalk-related disorder, resulting in the absence of potential drug targets.30 Our study identified 
a novel role of FGF21 in the airways of obese individuals. Contrary to the previous perception regarding the beneficial 
effects of FGF21, we found that elevated level of FGF21 in obese patients might be one of the crucial factors inducing 
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Figure 4 FGF21 facilitates mast cell activation through up-regulating cholesterol biosynthesis. (A) Release of β-hexosaminidase from LAD2 and P815 cells pre-activated with 
compound 48/80 following 24 h treatment with recombinant FGF21 (100–400 ng/mL). (B) Release of histamine from LAD2 and P815 cells pre-activated with compound 48/ 
80 following 24 h treatment with recombinant FGF21 (100–400 ng/mL). (C) Measurement of cellular calcium concentration in mast cells pre-activated with compound 48/80 
using fluorescent probe Fluo-4 AM following 24 h treatment with recombinant FGF21 (200 ng/mL). (D) Quantitative analysis of fluorescence intensity of Fluo-4. (E) Filipin III 
staining of cholesterol in mast cells pre-activated with compound 48/80 following 24 h treatment with recombinant FGF21 (200 ng/mL). (F) Quantitative analysis of 
fluorescence intensity of Filipin III. (G) Expression levels of cholesterol biosynthesis genes in LAD2 cells. (H) Expression level of SREBF1. (I) Quantitative analysis of 
fluorescence intensity of Filipin III in siRNA pretreated cells. (J) Representative images of Filipin III staining in siRNA-NC or siRNA-SREBF1 pretreated cells. (K) Release rate 
of β-hexosaminidase from LAD2 cells treated with siRNA and FGF21. (L) Measurement of cellular calcium concentration in LAD2 cells using fluorescent probe Fluo-4 AM. 
(M) Quantitative analysis of fluorescence intensity of Fluo-4 in LAD2 cells treated with siRNA and FGF21. n=3. Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ns, 
not significant.
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AHR, and its role is associated with the activation of mast cells in the airway. Hence, FGF21 could serve as a potential 
novel target for the treatment of obesity induced AHR and asthma.

FGF21 serves as a crucial regulator of metabolism, particularly for lipid and glucose. Although previous studies have 
elucidated the physiological functions and mechanisms of FGF21 in obesity and other metabolic diseases, its role in 
obesity-induced respiratory disorders remains largely unknown. A study related to obesity-associated asthma showed that 
FGF21 levels in serum were negatively correlated with pulmonary function and positively correlated with the number of 
mast cell progenitors.11 Another study demonstrated that serum FGF21 levels were higher in obese asthma patients than 
in normal-weight asthma patients, suggesting that FGF21 could serve as a specific serum biomarker for obesity- 
associated asthma.31 However, these analyses were largely based on unadjusted correlation approaches. In contrast, 
our study applied multivariable linear regression to evaluate the association between serum FGF21 and pulmonary 
function while controlling for relevant covariates, thereby providing stronger evidence that FGF21 is independently 
associated with lung function impairment, though causality cannot be inferred from this cross-sectional analysis. 
Moreover, our work focuses on obesity-associated airway dysfunction rather than classical allergic asthma, highlighting 

Figure 5 FGF21 promoted cholesterol synthesis and mast cell activation in a FGFR1-dependent manner. (A) Expression of FGFR1, FGFR2 and FGFR3 in lung tissues. (Data 
from Human Protein Atlas, http://www.proteinatlas.org/). (B) The mRNA expression of FGFR1, FGFR2, and FGFR3 in LAD2 cells. Relative expression levels were normalized 
to GAPDH. (C) Release rate of β-hexosaminidase from LAD2 cells treated with FGFR1 inhibitor PD173074. (D) Measurement of cellular calcium concentration in PD173074 
treated LAD2 cells using fluorescent probe Fluo-4 AM. (E) Quantitative analysis of fluorescence intensity of Fluo-4 in LAD2 cells. (F) Expression levels of cholesterol 
biosynthesis genes in PD173074 treated LAD2 cells. (G) Representative images of Filipin III staining in PD173074 treated LAD2 cells. (H) Quantitative analysis of 
fluorescence intensity of Filipin III in PD173074 treated cells. n=3. Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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a distinct pathophysiological context in which FGF21–mast cell interactions may contribute to airway hyperresponsive
ness. In an asthma study, high serum FGF21 levels were strongly associated with poor asthma control,32 indicating 
a potential causal relationship between FGF21 and asthma development, highlighting the urgent need for in-depth studies 
to clarify its physiological and pathological roles in the airway. Preclinical studies have shown that FGF21 can prevent 
asthma development in mice by inhibiting NLRP3 inflammasome activation.33 It should be noted that previous 
mechanistic studies, such as those examining NLRP3 inflammasome regulation, were performed in lean mice, represent
ing a different baseline physiological state. In contrast, our study focuses on obesity-induced airway dysfunction, where 
elevated FGF21 may interact with obesity-associated metabolic and inflammatory changes to exacerbate airway 
hyperresponsiveness. Consequently, the effects and mechanisms of FGF21 may differ between obesity alone, classical 
asthma, or the combination of obesity and asthma, which should be considered when extrapolating these findings to 
human disease.

In this study, we found that FGF21 increased cholesterol synthesis in mast cells, thereby promoting mast cell 
activation. It is worth noting that FGF21 alone did not activate mast cells in our in vitro assays (not reported), suggesting 
that FGF21 enhances rather than initiates mast cell degranulation. In the obese microenvironment, elevated adipokines 
(eg, leptin, adiponectin) and innate immune alarmins such as IL-33 and IL-9 have been shown to promote mast cell 
recruitment and activity, potentially synergizing with metabolic stress to drive mast cell activation in vivo.23,34 Activated 
mast cells release pro-inflammatory mediators, inducing abnormal contraction of the airway smooth muscle and 
ultimately causing AHR.35 The effects of FGF21 in different diseases appear to be tissue-specific. In energy-metabolic 
organs, including the liver, adipose tissue, and skeletal muscle, basal FGF21 levels are relatively high, serving to 
counteract lipid overload and maintain glucose homeostasis.36,37 In contrast, other organs exhibit low basal FGF21 levels 
that are highly responsive to the organism’s metabolic state. For example, circulating FGF21 levels in patients with 
obesity-associated asthma are negatively correlated with pulmonary function.11 Consistently, our data show that FGF21 
levels in the airways of obese mice are significantly elevated compared with those in lean controls. We further identified 
a novel role of FGF21 in regulating immune cell metabolism, thereby modulating their immune function. Similarly, 
Cegui Hu et al recently reported that FGF21 within the tumor microenvironment promotes T cell exhaustion and impairs 
the cytotoxic function of CD8+T cells.10 These observations suggest that in organs with low basal FGF21, stress-induced 
upregulation of FGF21 may remodel the tissue immune microenvironment via metabolic reprogramming of immune 
cells, resulting in either protective or pathological outcomes. However, the specific roles of FGF21 in immune cells 
deserve further investigations.

Previous studies have shown that FGF21 can activate FGFR1, FGFR2, and FGFR3 receptors expressed in various 
tissues and cells.38,39 Combining public data and in vitro validation data, we found that mast cells primarily express 
FGFR1 receptor. Moreover, our data showed that the FGFR1 specific inhibitor can significantly diminish the effects of 
FGF21 on mast cells. Therefore, these conclusions suggest that inhibiting FGFR1 may be a new effective strategy for 

Figure 6 Schematic of the role of FGF21 in obesity induced AHR. FGF21 promotes AHR in obese mice through increasing cholesterol synthesis and facilitating mast cell 
activation in a FGFR1-dependent manner.
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preventing asthma in obese individuals. Given the many benefits of the FGF21/FGFR1 pathway in metabolism, the 
adverse effects of its inhibitors on metabolism deserve our particular attention.40 Our study found that a 12-day injection 
of FGF21 antibody had no significant impact on blood glucose and serum cholesterol levels in mice. However, if anti- 
FGF21 or FGFR1 inhibitors are used for a long time, they might cause pathological impacts on the glucose and lipid 
metabolism. Therefore, in subsequent studies, we will modify anti-FGF21 or FGFR1 inhibitors in terms of drug delivery 
systems or administration methods to minimize their adverse metabolic effects, such as using novel nanomedicine 
delivery systems and nebulization methods for administration.

While the present study provides mechanistic insights into the role of FGF21 in obesity-associated airway hyperre
sponsiveness, several considerations warrant cautious interpretation. First, the relatively small human cohort and cross- 
sectional design limit statistical power and preclude causal inference between FGF21 levels and pulmonary function. 
Second, all animal experiments were conducted exclusively in male mice. Although this approach is commonly adopted 
in obesity-related research to reduce hormonal variability and to facilitate the development of a robust obese phenotype, 
future studies including female mice are warranted to determine potential sex-specific effects. We did not include 
a FGF21 administrated lean group; therefore, our conclusions are limited to obesity-associated AHR. Notably, Anti- 
FGF21 treatment in lean mice did not affect airway responsiveness, suggesting that FGF21 alone may be insufficient to 
drive AHR in the absence of obesity. Third, in vitro mast cell activation was induced using compound 48/80, a non- 
physiological stimulus, which may not fully recapitulate endogenous activation pathways in vivo. In addition, although 
pharmacological inhibition was employed to interrogate FGFR1 signaling, genetic validation using FGFR1-deficient 
models was not performed, and potential off-target effects of the inhibitors cannot be completely excluded. Importantly, 
while our data support a role for mast cell activation in FGF21-associated AHR, FGF21 may also modulate additional 
immune or structural cells within the obese airway microenvironment. Future studies using mast cell–deficient mouse 
models will be necessary to directly test the FGF21-driven AHR is mast cells-dependent. Finally, the duration of anti- 
FGF21 treatment was relatively limited, and therefore the long-term efficacy and safety of FGF21 blockade in obesity- 
associated airway hyperresponsiveness remain to be determined. Future studies incorporating larger cohorts, longitudinal 
designs, sex-balanced animal models, and genetic approaches will be necessary to further validate and extend our 
findings.

Obesity has emerged as one of the predominant public health predicaments globally, and numerous studies have 
clarified the influence of obesity on diverse diseases, such as cancer and cardiovascular disorders.41–43 Over the past few 
years, in the wake of the eruption of a variety of novel respiratory infectious diseases, the influence of obesity on 
respiratory system diseases has also attracted increasing attention.44–46 Obesity has been associated with reduced 
pulmonary function even in individuals without asthma, likely due to mechanical restriction of the thoracic cavity and 
altered airway physiology.47,48 Of course, other important non-mechanical pathological factors contributing to impaired 
pulmonary function in obesity remain to be fully elucidated. The unique immune characteristics of obese patients are 
evoked by the abnormal metabolism, and improving metabolic imbalance might constitute a crucial strategy for 
addressing immune-related disorders in obese patients.49–51 Consequently, ameliorating the immune function by restoring 
the metabolic balance of immune cells might potentially constitute a novel breakthrough in the treatment of obesity- 
associated asthma.

In summary, this study provides a novel insight into the role of FGF21 in the AHR triggered by obesity and delved 
into the mechanism. We found that anti-FGF21 or FGFR1 antagonists could diminish the activation of mast cells in the 
airway by suppressing the synthesis of cholesterol, thereby alleviating the AHR induced by obesity. Our research offers 
a new target and theoretical foundation for the treatment of obesity-associated asthma.
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