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Background: Allergic asthma is a chronic inflammatory disorder of the airways, marked by airway hyperresponsiveness, over-
production of mucus, and structural alterations within the airway wall. Garcinol is a natural compound extracted from plants
of the Garcinia genus and exhibits antitumor effects. This study aims to investigate the protective effects and underlying mech-
anisms of garcinol against asthma-induced lung injury in both in vivo and in vitromodels, focusing on the role of ferroptosis.
Methods: An asthma mouse model was established by ovalbumin (OVA) sensitization, followed by treatment with garcinol or
budesonide. Airway hyperresponsiveness was assessed, and bronchoalveolar lavage fluid (BALF) was collected for cell counts
and inflammatory cytokine measurements. Lung tissues were harvested for histopathological staining. E-cadherin and Claudin-
1 were examined usingWestern blot analysis to evaluate pathological alterations. Solute carrier family 7 member 11 (SLC7A11),
ferroptosis suppressor protein 1 (FSP1), glutathione peroxidase 4 (GPX4), transferrin receptor 1 (TFR1), glutathione (GSH),
malondialdehyde (MDA), iron content, and reactive oxygen species (ROS) levels were determined. Sirtuin 1 (SIRT1) and peroxi-
some proliferator–activated receptor alpha (PPARα) expression in lung tissues was analyzed. In vitro, human bronchial epithelial
cells (BEAS-2B) were stimulated with interleukin-13 (IL-13) to establish a cellular asthma model and treated with garcinol, a
ferroptosis inhibitor, or a SIRT1 inhibitor.
Results: Garcinol significantly alleviated airway hyperresponsiveness, attenuated the recruitment of inflammatory cells, and
decreased cytokine concentrations in BALF. It attenuated lung tissue injury in the asthma mouse model. Garcinol markedly
downregulated TFR1 expression while upregulating SLC7A11, GPX4, and FSP1. Garcinol decreased ROS and MDA levels and
increased GSH content, thereby inhibiting ferroptosis. Garcinol also activated the SIRT1/PPARα signaling in lung tissues. In
vitro experiments further confirmed that garcinol activated the SIRT1/PPARα pathway to regulate ferroptosis.
Conclusion: Garcinol exerts protective effects against allergic asthma–induced lung injury by activating the SIRT1/PPARα sig-
naling pathway and suppressing ferroptosis.
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Introduction
Asthma is a prevalent long-term respiratory condition,

impacting a vast global population numbering in the hun-
dreds of millions [1]. Epidemiological data indicate that
the global prevalence of asthma reaches 9.1% in children,
11.0% in adolescents, and 6.6% in adults, with a particularly
high burden observed in low- and middle-income regions
[2]. Beyond imposing substantial pressure on healthcare
systems, the economic and social costs of asthma place a
heavy burden on communities and individuals, posing ama-
jor public health challenge [1]. Pathologically, it involves
sustained inflammation of the airways, increased airway
hyperresponsiveness, and progressive structural changes
within airway tissues [3,4]. Upon exposure to allergens or
environmental pollutants, airway epithelial cells initiate a
cascade of inflammatory responses by releasing cytokines

and chemokines, which drive sustained airway inflamma-
tion [5]. In this process, T helper type 2 (Th2) immune
responses play a central role and exacerbate inflammatory
responses by secreting key cytokines such as interleukin
(IL)-4, IL-5 and IL-13. Persistent airway inflammation then
leads to airway remodeling and increased airway hyperre-
sponsiveness, thereby aggravating asthma symptoms [6,7].
Airway remodeling is a hallmark of asthma progression and
manifests as epithelial injury, basement membrane thicken-
ing, smooth muscle hyperplasia and hypertrophy, and ab-
normal extracellular matrix deposition [8,9]. Disruption of
airway epithelial integrity is a key event underlying mul-
tiple pathophysiological alterations in asthma [10]. Cur-
rently, inhaled glucocorticoids remain the first-line therapy
for asthma management. Although they effectively relieve
acute symptoms, their long-term efficacy is often limited
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due to persistent airway remodeling and chronic inflam-
mation. Moreover, mechanisms associated with chronic
inflammatory responses contribute to the development of
drug resistance during long-term treatment [11]. There-
fore, the development of novel therapeutic strategies, par-
ticularly those based on natural compounds, has become an
important direction in asthma research.

Garcinol, a polyphenolic compound from the Garcinia
genus, functions as a potent natural histone acetyltrans-
ferase (HAT) inhibitor and microRNA (miRNA) dysreg-
ulator [12,13]. Garcinol exhibits diverse biological ac-
tivities, including immunomodulatory, antioxidant, anti-
inflammatory, antitumor, and neuroprotective effects [14].
It has been shown to attenuate inflammation and oxida-
tive stress in cerebral ischemia–reperfusion injury [15]. In
addition, garcinol blocks reactive oxygen species (ROS)
generation in Parkinson’s disease models by activating the
DJ-1/sirtuin-1 (SIRT1)-mediated antioxidant pathway [16].
In asthma research, garcinol has been reported to suppress
asthma by inhibiting acetylation levels in lungCD4+ T cells
[17]. However, the precise mechanisms underlying the ef-
fects of garcinol on asthma remain unclear, and further in-
vestigation is therefore urgently needed.

Ferroptosis is a distinct form of regulated cell death
driven by iron overload and the accumulation of lipid per-
oxidation products [18]. Unlike traditional forms of cell
death, such as apoptosis, necrosis, or autophagy, ferropto-
sis is a form of regulated cell death caused by excessive iron
accumulation and lipid peroxidation [19]. A study by Liu
and colleagues [20] demonstrated that excessive iron ions
may aggravate inflammatory responses and promote airway
remodeling by activating the ferroptosis pathway. Recent
studies have further suggested that the role of ferroptosis
in asthma is primarily associated with oxidative stress re-
sponses and disturbances in iron metabolism, and its poten-
tial involvement in the progression of asthma has attracted
increasing attention [21]. However, whether garcinol can
regulate asthma by modulating ferroptosis has not yet been
reported.

In this study, an experimental model of asthma was
successfully induced in BALB/c mice through sensitiza-
tion with ovalbumin (OVA), and garcinol was applied
for in vivo intervention for the first time. Meanwhile,
an IL-13-induced injury model was established in human
bronchial epithelial cells (BEAS-2B), which were subse-
quently treated with garcinol. This study aimed to deter-
mine whether garcinol can attenuate asthma-induced lung
injury and to investigate, using both mouse models and in
vitro cellular models, whether garcinol regulates asthma
through mechanisms involving ferroptosis. Ultimately,
this study clarifies the protective effect of garcinol against
asthma-induced lung injury and its key underlying mech-
anisms, providing experimental evidence and a theoretical
basis for the potential application of garcinol in the treat-
ment of allergic asthma.

Materials and Methods

Experimental Animals and Housing Conditions
Female BALB/c mice aged 6–8 weeks (body weight,

20 ± 2 g) were purchased from Henan Skbex Biotechnol-
ogy Co., Ltd. (China). All animals were housed under spe-
cific pathogen-free conditions. The study protocol received
approval from the Experimental Animal Ethics Committee
of the Third Affiliated Hospital of Zhengzhou University
(Approval No. 2024-097-01).

Establishment of the Murine Asthma Model and
Grouping

After 1 week of acclimatization, fifty mice were ran-
domly assigned to five groups (n = 10 per group): nor-
mal control group (CON), asthma model group (ovalbumin
group, OVA), low-dose garcinol intervention group (OVA
+ LG), high-dose garcinol intervention group (OVA + HG),
and budesonide intervention group (OVA + BUD).

An asthma model was established in all mice except
those in the control group. Briefly, mice were sensitized
by intraperitoneal injection of 0.2 mL sensitization solu-
tion (containing 100 µg OVA [HY-W250978, MedChem-
Express, USA] and 1 mg aluminum hydroxide adjuvant)
on days 1, 8, and 15 of the experiment. Following sensi-
tization, beginning on day 21, mice were challenged with
aerosolized 5% OVA for 30 min daily for 7 consecutive
days using a self-constructed mouse nebulization chamber
(30 cm × 25 cm × 30 cm) to establish the asthma mouse
model [22]. In the garcinol intervention groups, the chal-
lenge phase was identical to that of the model group. Dur-
ing the sensitization phase, mice received intraperitoneal
injections of garcinol (HY-107569, MedChemExpress, NJ,
USA). The compound was administered at 10 mg/kg (low
dose) or 20 mg/kg (high dose), 2 hours prior to nebuliza-
tion. The treatment was administered for 14 consecutive
days. The garcinol dosage was selected based on previ-
ously published studies [23]. Mice in the model control
(OVA) group underwent the same sensitization and aerosol
challenge procedures but received intraperitoneal injection
of an equal volume of normal saline. Mice in the OVA
+ BUD group were nebulized with budesonide suspension
(100 µg/kg, HJ20140475, AstraZeneca, Cambridge, UK)
for 30 min, 30 min before each OVA challenge [24]. All
mice were used for subsequent experiments 28 days after
model establishment, and no mortality was observed dur-
ing the experimental period.

Pulmonary Function Measurement
Twenty-four hours after the final intervention, mice

were anesthetized by intraperitoneal injection of 50 mg/kg
sodium pentobarbital (P3761, Sigma-Aldrich, MO, USA)
and placed in the supine position on a surgical platform
[22]. Pulmonary function was assessed using a small-
animal lung function testing system (flexiVent, GYD Tech-
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nology, Beijing, China). Mice were sequentially chal-
lenged with aerosolized acetyl-β-methylcholine chloride
(methacholine, Mch) at concentrations of 0, 10, 25, and
100 mg/mL. Parameters, including airway resistance, tis-
sue elastance and damping, were measured simultaneously.
Before each dose escalation, residual solution in the neb-
ulizer was thoroughly removed with sterile cotton swabs
and rinsed three times with normal saline to prevent cross-
contamination.

Collection of Bronchoalveolar Lavage Fluid (BALF)
After anesthesia with intraperitoneal sodium pento-

barbital (50 mg/kg), the trachea and lungs were exposed
under sterile conditions. Normal saline was slowly instilled
through a tracheal cannula, followed by gentle chest mas-
sage for 20 s to ensure adequate alveolar lavage. BALF
was collected into 1.5 mL Eppendorf tubes and centrifuged
at 1000 g for 10 min at 4 °C. The supernatant was aliquoted
and stored for subsequent analyses. The cell pellet was re-
suspended in 100 µL normal saline, and 20 µL of the sus-
pension was smeared onto slides. Cells were stained with
Wright–Giemsa stain and differential inflammatory cell
counts were performed under a light microscope (BX53,
Olympus Corporation, Tokyo, Japan).

Preparation and Collection of Lung Tissue
Specimens

Mice in each group were euthanized 24 h after the fi-
nal aerosol challenge by intraperitoneal injection of an over-
dose of sodium pentobarbital (150 mg/kg). After thoraco-
tomy, the left lung was rapidly excised, ligated, placed into
labeled cryovials, and immediately stored at –80 °C. Mean-
while, the right lung was perfused with 4% paraformalde-
hyde for in situ fixation, excised, and immersed in 4%
formaldehyde for fixation in the dark for 48 h. After gra-
dient alcohol dehydration, the tissues were sectioned into
continuous 4-µm-thick sections for subsequent staining.

HE Staining
After fixation in 4% paraformaldehyde for 24 h, lung

tissues were processed through a routine procedure includ-
ing graded ethanol dehydration, xylene clearing, and paraf-
fin embedding. Paraffin-embedded tissues were cut into
4-µm sections and mounted on glass slides. After de-
paraffinization in xylene and rehydration through graded
ethanol, the sections were stained using a HE staining kit
(G1120, Solarbio, Beijing, China). Briefly, sections were
first stained with hematoxylin for 2–20 min, rinsed with
running water, differentiated and blued, and subsequently
stained with eosin for 30 s–2 min. After staining, the
sections were dehydrated through graded ethanol, cleared
with xylene, and mounted. Finally, the overall structure
of lung tissue and inflammatory cell infiltration were ob-
served under a light microscope (BX53, Olympus Corpora-
tion, Tokyo, Japan).

Masson Staining
Paraffin-embedded lung sections were first deparaf-

finized and rehydrated, then subjected to Masson’s
trichrome staining (G1340, Solarbio, Beijing, China) fol-
lowing the manufacturer’s protocol. In brief, sections were
stained with Ponceau–fuchsin for 5–10 minutes and rinsed
in a weak acidic solution for 30 seconds. Differentiation
was carried out using phosphomolybdic acid for 1–2 min-
utes, followed by another rinse in weak acid solution, and
counterstaining with aniline blue for 1–2 minutes. Sub-
sequently, sections were dehydrated through 95% and ab-
solute ethanol, cleared in xylene, and mounted with neu-
tral resin. Images were captured under a light microscope
(BX53, Olympus Corporation, Tokyo, Japan), where col-
lagen fibers appeared blue, while muscle fibers and cyto-
plasm appeared red, allowing assessment of the degree of
pulmonary fibrosis.

Periodic Acid-Schiff (PAS) Staining
The paraffin sections of lung tissue were deparaf-

finized and rehydrated using a graded ethanol series and
then stained according to the instructions of a PAS stain-
ing kit (G1008-20ML, Servicebio, Wuhan, China). Specif-
ically, sections were first immersed in PAS reagent B for
10–15 min and rinsed with distilled water, followed by in-
cubation with PAS reagent A at room temperature in the
dark for 25–30 min. After rinsing with running water for
5 min, nuclei were counterstained with hematoxylin. Sub-
sequently, sections were dehydrated with absolute ethanol,
cleared in xylene, and mounted with neutral resin. Under
a light microscope, PAS-positive substances appeared ma-
genta, allowing evaluation of goblet cell hyperplasia and
mucus secretion in the airway epithelium.

ROS Fluorescence Staining
Lung specimens were fixed in 4% paraformaldehyde

for 24 hours before subsequent processing through a rou-
tine procedure, including graded ethanol dehydration, xy-
lene clearing, and paraffin embedding. Frozen sections
were ultimately prepared. Staining was performed ac-
cording to the instructions of the ROS detection kit (DHE
probe, HR9069, Bio-Lab, China). Briefly, tissue sections
were first equilibrated to room temperature and washed
with cleaning solution diluted in ultrapure water for 5 min.
The sections were then incubated with the working solu-
tion containing the DHE probe at 37 °C for 30 min in the
dark. After incubation, the sections were washed three
times with phosphate-buffered saline (PBS, C0221A, Be-
yotime, Shanghai, China) to remove unbound probe, fol-
lowed by nuclear counterstaining with DAPI (C1006, Be-
yotime, Shanghai, China) (incubated at room temperature
in the dark for 10 min). After another PBS wash, the sec-
tions were mounted with an anti-fade mounting medium.
Finally, images were captured under a fluorescence micro-
scope (IX73, Olympus, Tokyo, Japan), and the intensity of
red fluorescence reflected ROS levels in the tissue.
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TUNEL Staining
TUNEL staining was performed on lung tissue sec-

tions using a TUNEL apoptosis detection kit (C1088, Be-
yotime Biotechnology) to evaluate cell apoptosis. Briefly,
tissue sections were sequentially treated with xylene and a
graded series of absolute ethanol. Once dried, the sections
were digested with proteinase K solution at a concentra-
tion of 20 µg/mL and covered with buffer for incubation at
room temperature for 12min. The TUNEL reactionmixture
(terminal deoxynucleotidyl transferase:fluorescent-labeled
dUTP:reaction buffer = 1:5:50, v/v/v) was added to cover
the tissue sections, which were then incubated in a 37 °C
incubator for 1 h. DAPI solution (1 µg/mL) was applied
for nuclear staining at room temperature in the dark for 10
min. The sections were mounted and observed under a flu-
orescence inverted microscope for image acquisition.

Prussian Blue Staining (DAB Enhancement)
To assess iron deposition in lung tissue, Prussian blue

staining solution (DAB-enhanced) (R27072, Beyotime)
was used. Briefly, lung tissues were fixed in 10% neutral
formalin, followed by routine dehydration, paraffin embed-
ding, and sectioning at a thickness of 4 µm. After deparaf-
finization and rehydration, sections were incubated with
Perls’ staining solution at room temperature for 20 min
and rinsed with distilled water for 5 min. Subsequently,
the DAB solution was applied for 5 min for color devel-
opment, with the reaction monitored under a microscope.
After termination, sections were washed with DAB buffer
and distilled water. Hematoxylin counterstaining, differ-
entiation, dehydration, clearing, and mounting were then
performed. Finally, images were acquired under a light mi-
croscope, with iron deposition appearing as DAB-enhanced
brownish-yellow signals.

Immunofluorescence Staining
Paraffin-embedded lung tissue sections (4 µm) were

deparaffinized, rehydrated, and subjected to antigen re-
trieval using citrate buffer (pH 6.0). After cooling, sec-
tions were blocked with 5% BSA at room temperature for
30 min to reduce nonspecific binding. The sections were
then incubated overnight at 4 °C with primary antibodies,
including anti-SIRT1 antibody (1:200, ab110304, Abcam,
UK) and anti-PPARα antibody (1:200, 15540-1-AP, Pro-
teintech). The following day, sections were washed with
PBS and incubated with the corresponding fluorescent-
labeled secondary antibodies (Alexa Fluor 488 or Alexa
Fluor 594, 1:500, Invitrogen) for 1 h in the dark. Nuclei
were stained with DAPI for 5 min. Finally, the sections
were mounted and observed under a fluorescence micro-
scope (IX73, Olympus, Tokyo, Japan) for image acquisi-
tion.

Enzyme-Linked Immunosorbent Assay (ELISA)
Interleukin-4 (ml064310)/5 (ml063157)/13

(ml106729)/6 (ml063159)/1β (ml106733) in BALF
were measured using kits obtained from Enzyme-linked
Biotechnology (Shanghai, China). Mice serum or lung
tissue homogenate supernatants were collected for the
detection of inflammatory cytokine levels. Lung tissues
were homogenized in pre-chilled PBS at a defined tissue-
to-volume ratio, followed by centrifugation at 12,000 ×g
for 10 min at 4 °C. The supernatants were then collected for
subsequent analysis. The concentrations of inflammation-
related cytokines were determined using the corresponding
ELISA kits (Elabscience, Wuhan, China). All procedures
were performed strictly according to the manufacturer’s
instructions. Briefly, standards and samples were added
to antibody-precoated 96-well plates and incubated. After
washing, the enzyme conjugate and chromogenic substrate
were added sequentially. The reaction was terminated, and
absorbance was measured at 450 nm using a microplate
reader (Multiskan FC, Thermo Fisher Scientific, MA,
USA).

Biochemical Assays
Oxidative stress-related biochemical indicators in

lung tissue or serum were also measured using commercial
kits. Lung tissues were homogenized in lysis buffer under
ice-bath conditions and centrifuged at 4 °C. Biochemical as-
say kits (Jiancheng Bioengineering) were used to determine
iron content (A039-2-1), glutathione (GSH; A006-1-1), and
malondialdehyde (MDA; A003-4-1) levels in lung tissues
and BEAS-2B cells, respectively. Absorbance values were
measured using amicroplate reader (Multiskan FC, Thermo
Fisher Scientific, MA, USA) or spectrophotometer (Model
UV-1800, Shimadzu, Kyoto, Japan) at the designated wave-
lengths. Final results were calculated according to the stan-
dard formulas and normalized to protein concentration or
sample volume.

Western Blot Analysis (WB)
BEAS-2B cells and lung tissues were washed with

phosphate-buffered saline (PBS) and lysed in RIPA buffer
supplemented with a protease inhibitor cocktail, followed
by incubation on ice for 30 min. Lysates were centrifuged
at 12,000 ×g for 10 min at 4 °C, and supernatants were
collected. Total protein concentration was determined us-
ing a bicinchoninic acid (BCA) protein assay kit (P0010S,
Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. Protein samples were mixed with
5× sodium dodecyl sulfate (SDS) loading buffer at a ra-
tio of 1:4 and denatured at 95 °C for 10 min. SDS–
polyacrylamide gel electrophoresis (PAGE) gels were pre-
pared in-house, and proteins were separated at 200 V for
30 min. Proteins were transferred onto polyvinylidene di-
fluoride (PVDF) membranes at 400 mA for 25 min. Mem-
branes were blocked with low-background rapid blocking
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solution at room temperature for 20 min on a shaker (40
rpm) and then incubated with primary antibodies: anti-
SIRT1 (1:1000; R25721, ZenBio, Chengdu, China), anti-
PPAR (1:1000; 15540-1-AP; Proteintech), anti-SLC7A11
(1:1000; 32384-1-AP; Proteintech), anti-GPX4 (1:1000;
67763-1-Ig; Proteintech), anti-TFR1 (1:1000; 65236-1-
Ig; Proteintech), anti-FSP1 (1:1000; 20886-1-AP; Pro-
teintech), anti-E-cadherin (1:1000; 20874-1-AP; Protein-
tech), anti-Claudin-1 (1:1000; 13050-1-AP; Proteintech),
and GAPDH (1:1000; 60004-1-Ig; Proteintech). After
washing three times with TBST buffer, the membranes
were incubated for 1 h at room temperaturewith horseradish
peroxidase (HRP)-conjugated rabbit or mouse IgG sec-
ondary antibodies (ZB2301/ZB2305; Zhongshan Golden
Bridge Biotechnology, Beijing, China). After removing
excess liquid from the PVDF membrane with filter paper,
the detection solution was evenly applied to the membrane
surface, and signals were visualized using a chemilumines-
cence imaging system (Tanon 5200, Tanon Science&Tech-
nology, Shanghai, China). The ratio of the target protein to
GAPDH was calculated for normalization. Subsequently,
the normalized values for each treatment group were fur-
ther standardized relative to the mean value of the control
group, which was set to 1. The results for other groups were
expressed as relative expression levels for statistical analy-
sis and graphical presentation.

Cell Grouping
BEAS-2B cell (YC-B005, Yuanjing Biotechnology

Co., Ltd., China) authentication was performed by a cer-
tified third-party service provider using short tandem re-
peat (STR) profiling, and the STR profile was confirmed
to match the reference data in the DSMZ database. For
mycoplasma contamination using PCR assay, no contam-
ination was detected. Relevant authentication and my-
coplasma testing reports are provided in the Supplemen-
tary Materials.

BEAS-2B cells were divided into eight groups, with
each cellular experiment conducted in triplicate: (1) Con-
trol group: cells were cultured under standard conditions
without any treatment; (2) IL-13 group: cells were treated
with IL-13 at a concentration of 20 ng/mL for 48 h; (3) IL-
13 + ferroptosis inhibitor group (IL-13 + Fer-1): cells were
treated with 20 ng/mL IL-13 for 48 h, followed by incuba-
tion with complete medium containing 2 µM ferrostatin-1
(Fer-1, HY-100579, MedChemExpress, New Jersey, USA)
for an additional 24 h [25]; (4) IL-13 + low-dose garcinol
group (IL-13 + LG): cells were treated with 20 ng/mL IL-13
for 48 h and then exposed to 12.5 µM garcinol for 24 h; (5)
IL-13 + high-dose garcinol group (IL-13 + HG): cells were
treated with 20 ng/mL IL-13 for 48 h and then exposed to 25
µM garcinol for 24 h; (6) IL-13 + EX527 group: cells were
treated with 20 ng/mL IL-13 for 48 h, followed by treatment
with 15 µmol/L EX527 (SIRT1 inhibitor, HY-15452, Med-
ChemExpress, New Jersey, USA) for 4 h [26]; (7) IL-13 +

EX527 + low-dose garcinol group: cells were treated with
20 ng/mL IL-13 for 48 h, incubated with 15 µmol/L EX527
for 4 h, and subsequently treated with 12.5 µM garcinol for
24 h; (8) IL-13 + EX527 + high-dose garcinol group: cells
were treated with 20 ng/mL IL-13 for 48 h, incubated with
15 µmol/L EX527 for 4 h, and subsequently treated with 25
µM garcinol for 24 h.

Cell Viability Assay
Cell viability of BEAS-2B cells under different treat-

ment conditions was assessed using the Cell Counting Kit-
8 (CCK-8) assay (C0042, Beyotime Biotechnology). Cells
in the logarithmic growth phase were harvested and pre-
pared as a single-cell suspension, then seeded into 96-well
plates at a density of 8 × 103 cells per well (100 µL per
well). The original medium was replaced with fresh cul-
ture medium containing the indicated treatments (three bi-
ological replicates per group). A blank control containing
culture medium alone was also included. Cells were further
cultured for 24 or 48 h. Subsequently, 10 µL of CCK-8 so-
lution was added to each well, followed by an additional 2
h incubation. Absorbance was measured at 450 nm using
a microplate reader, and cell viability was calculated using
the following formula:

Cell viability (%) = (OD_sample – OD_blank) /
(OD_control – OD_blank) × 100.

Statistical Analysis
All data are presented as mean ± standard devia-

tion (Mean ± SD) and visualized using GraphPad Prism
8.0.2 (GraphPad Software, San Diego, CA, USA). Statisti-
cal analyses were performed using IBM SPSS Statistics 27
(IBM Corp., Armonk, NY, USA). The normality of the data
was assessed using the Shapiro-Wilk test. Comparisons be-
tween two groups were conducted using an independent-
samples t-test, with Welch’s correction applied when vari-
ances were unequal. For comparisons among multiple
groups, one-way or two-way ANOVA was used, followed
by Tukey’s post hoc test for pairwise group comparisons. A
p-value of <0.05 was considered statistically significant.

Results

Effects of Garcinol on Lung Function and
Inflammatory Indices in Asthmatic Mice

To determine the effects of garcinol on lung function
and inflammatory parameters in asthmatic mice, an OVA-
induced asthma mouse model was established. The results
showed that, compared with the CON group, mice in the
OVA group exhibited significantly increased airway resis-
tance at different concentrations of methacholine (0, 10,
25, and 100 mg/mL) (p < 0.05, Fig. 1A). In addition, tis-
sue elastance (H, Fig. 1B) and tissue damping (G, Fig. 1C)
were both significantly increased in a dose-dependent man-
ner (p< 0.05). Meanwhile, the total number of leukocytes,
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eosinophils, and neutrophils, as well as the proportions of
eosinophils and neutrophils in BALF, were markedly el-
evated (p < 0.05, Fig. 1D–H). The levels of inflamma-
tory cytokines IL-4, IL-5, and IL-13 were also signifi-
cantly increased (p< 0.05, Fig. 1I–K), indicating that OVA
successfully induced airway hyperresponsiveness and pro-
nounced airway inflammation. Compared with the OVA
group, the garcinol low-dose group (OVA+LG), the garci-
nol high-dose group (OVA+HG), and the budesonide group
(OVA+BUD) significantly reduced Rrs, H, and G in asth-
matic mice (p < 0.05). Furthermore, the total leukocyte
count and the infiltration of eosinophils and neutrophils in
BALFwere markedly decreased in all treatment groups, ac-
companied by significant reductions in IL-4, IL-5, and IL-
13 levels (p < 0.05). These findings indicate that garci-
nol can reduce airway resistance, alleviate airway inflam-
mation, and improve lung function, thereby exerting thera-
peutic effects against asthma, with efficacy comparable to
budesonide.

Effects of Garcinol on Lung Histopathological
Alterations in Asthmatic Mice

Lung tissues were subjected to HE, PAS, and Mas-
son staining and examined under a light microscope (10
× 40). Compared with the CON group, the OVA group
showed extensive peribronchial inflammatory cell infiltra-
tion, marked goblet cell hyperplasia, excessive collagen de-
position, and pronounced airway lumen narrowing. In con-
trast, these pathological changes were markedly amelio-
rated in the OVA+LG, OVA+HG, and OVA+BUD groups
(Fig. 2A–C).WB further demonstrated that protein levels of
E-cadherin and Claudin-1 were significantly reduced in the
OVA group, whereas their expression was significantly re-
stored in the OVA+HG and OVA+BUD groups (Fig. 2D,E,
p < 0.05). Collectively, these results suggest that garcinol,
similar to BUD, alleviates airway inflammation, reduces
goblet cell hyperplasia and collagen deposition, mitigates
airway narrowing, and thereby attenuates asthma-related
lung injury.

Effects of Garcinol on Ferroptosis in Lung Tissues of
Asthmatic Mice

The percentage of TUNEL-positive cells in OVA-
challenged mice was significantly increased. Garcinol and
budesonide treatment markedly reduced TUNEL-positive
rates dose-dependently (Fig. 3A,B), indicating that garci-
nol can attenuate cell death in asthmatic mouse lung tissue.

To determine whether cell death was associated with
ferroptosis, oxidative stress in lung tissues was assessed us-
ing DHE fluorescent dye. OVA-challenged mice showed
a markedly increased red fluorescent signal, indicating el-
evated ROS production (p < 0.05). In contrast, ROS-
specific fluorescence intensity was significantly reduced in
all intervention groups in a dose-dependent manner (p <

0.05, Fig. 3C,D). Confocal microscopy further confirmed

colocalization of DAPI-stained nuclei (blue) with DHE-
derived red signals, indicating substantial oxidative damage
in the lungs of OVA-induced asthmatic mice.

Ferroptosis-related biological markers were further
examined. Biochemical assays were used to measure iron
content (Fig. 3E), GSH (Fig. 3F), andMDA (Fig. 3G) levels
in lung tissues, while Western blotting assessed the expres-
sion of ferroptosis-regulatory proteins TFR1, SLC7A11,
FSP1, and GPX4 (Fig. 3H). Compared with the CON
group, OVA-challenged mice exhibited significantly de-
creased GSH levels and reduced expression of SLC7A11,
FSP1, and GPX4, along with increased MDA levels, iron
accumulation, and TFR1 expression. Treatment with gar-
cinol (OVA+LG, OVA+HG) or budesonide (OVA+BUD)
significantly reversed these changes (p < 0.05). Addi-
tionally, DAB-enhanced Prussian blue staining was used
to assess iron deposition in lung tissues. OVA-challenged
mice showed pronounced iron overload, which was effec-
tively alleviated following intervention (p < 0.05, Fig. 3I).
Collectively, these changes in multiple ferroptosis-related
markers suggest that garcinol alleviates OVA-induced ox-
idative damage and ferroptosis in lung tissue by regulating
iron homeostasis and antioxidant systems.

Effects of Garcinol on SIRT1 and PPARα Expression
Immunofluorescence histochemistry (Fig. 4A,B) and

Western blotting (Fig. 4C,D) were used to evaluate SIRT1
and PPARα expression in lung tissues from each group.
Nuclei were counterstained with DAPI, exhibiting blue flu-
orescence under UV excitation, while SIRT1 and PPARα
were specifically labeled via green and red fluorescence
channels, respectively. OVA-challenged mice exhibited re-
duced mean fluorescence intensity and SIRT1 and PPARα
protein levels (p < 0.05). Treatment with garcinol
(OVA+LG, OVA+HG) or budesonide (OVA+BUD) signif-
icantly increased the mean fluorescence intensity and pro-
tein expression of these two proteins.

Effects of Garcinol on IL-13–Induced BEAS-2B Cells
An in vitro asthma model was established using

IL-13–treated BEAS-2B cells. IL-13 at concentrations
≥20 ng/mL significantly reduced cell viability (Fig. 5A)
and markedly increased secretion of IL-6 and IL-1β
(Fig. 5B,C), indicating robust inflammatory activation.
Garcinol at concentrations ≤25 µM exhibited no obvious
cytotoxicity (Fig. 5D) and dose-dependently suppressed
IL-13–induced IL-6 and IL-1β secretion (Fig. 5E,F). WB
analysis showed that IL-13 significantly downregulated
Claudin-1 and E-cadherin expression (Fig. 5G,H) and re-
duced SIRT1 and PPARα levels (Fig. 5I,J), whereas garci-
nol treatment markedly reversed these changes. In addition,
IL-13 induced ferroptosis-related alterations characterized
by increased TFR1 expression and decreased SLC7A11,
GPX4, and FSP1 expression, all of whichwere significantly
reversed by garcinol treatment (Fig. 5K). These findings in-
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Fig. 1. Effects of garcinol on lung function and airway inflammation in OVA-induced asthmatic mice. (A–C) Airway resistance
(Rrs), tissue damping (G), and tissue elastance (H) in mice from each group. (D–H) Total leukocyte count (D), and the numbers and
percentages of eosinophils (E,G) and neutrophils (F,H) in BALF. (I–K) ELISA analysis of IL-13 (I), IL-5 (J), and IL-4 (K) levels in BALF
from each group. N = 10, #p< 0.05 vs. CON group. *p< 0.05 vs. OVA group. OVA, ovalbumin; BALF, bronchoalveolar lavage fluid;
ELISA, Enzyme-Linked Immunosorbent Assay; IL, interleukin; CON, control.

dicate that garcinol alleviates IL-13–induced BEAS-2B cell
injury by suppressing inflammation, preserving epithelial
barrier integrity, and modulating ferroptosis-related path-
ways.

Ferroptosis Inhibition on IL-13–Treated BEAS-2B
Cells

BEAS-2B cells cultured with IL-13 were treated
with Ferrostatin-1 (Fer-1), a specific ferroptosis inhibitor,
to investigate the role of ferroptosis in airway epithe-
lial barrier injury. The expression levels of epithelial
barrier proteins (E-cadherin, Claudin-1; Fig. 6A,B) and
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Fig. 2. Effects of garcinol on lung histopathology and E-cadherin and Claudin-1 protein expression in asthmatic mice. (A) HE
staining of lung tissues from each group, with arrows indicating inflammatory cell infiltration and exudation; scale bar = 200 µm. (B)
PAS staining of lung tissues, arrows indicate overproduced mucus and goblet cells; scale bar = 200 µm. (C) Masson’s trichrome staining
of lung tissues, arrows indicate collagen fiber deposition; scale bar = 200 µm. (D,E)WB analysis of E-cadherin and Claudin-1 expression
in lung tissues from each group (n = 3). #p< 0.05 vs. CON group. *p< 0.05 vs. OVA group. HE, Hematoxylin and Eosin; PAS, Periodic
acid-Schiff; WB, Western blot.

key ferroptosis-related proteins (SLC7A11, FSP1, GPX4,
TFR1; Fig. 6C,D) were assessed by WB. IL-13 stimula-
tion significantly downregulated the protein levels of E-
cadherin, Claudin-1, SLC7A11, FSP1, and GPX4 (p <

0.05), while significantly upregulating TFR1 expression
(p < 0.05). Conversely, co-treatment with Fer-1 signifi-
cantly reversed these alterations, increasing the levels of
E-cadherin, Claudin-1, SLC7A11, FSP1, and GPX4, and
decreasing TFR1 expression (p < 0.05). These results in-
dicate that inhibiting ferroptosis effectively mitigates IL-
13-induced ferroptosis and alleviates damage to the airway
epithelial barrier. These findings align with the in vivo re-
sults.

Effects of Garcinol on IL-13–Treated BEAS-2B Cells
After SIRT1 Inhibition by EX527

Cell viability of IL-13-stimulated BEAS-2B cells un-
der different concentrations of EX527 (a SIRT1 inhibitor)
was measured using the CCK-8 assay. IL-13 stimulation
significantly reduced cell viability (p< 0.05). Cell viability
showed a concentration-dependent decrease with increas-
ing EX527 concentration. A statistically significant reduc-
tion was observed at 15 µmol/L EX527 (p< 0.05, Fig. 7A).
Therefore, 15 µmol/L EX527 was selected as the optimal
concentration for subsequent experiments.

WB was performed to assess the expression levels of
SIRT1 and PPARα proteins (Fig. 7B,C). IL-13 stimulation
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Fig. 3. Effects of garcinol on ferroptosis. (A) TUNEL staining of lung tissues from each group. Nuclei were counterstained with DAPI,
showing blue fluorescence under UV excitation, while FITC-labeled TUNEL-positive cells exhibited characteristic green fluorescence
(scale bar = 100 µm). (B) TUNEL-positive cell ratio. (C) ROS fluorescence staining (DHE fluorescence) of lung tissues from each group
(scale bar = 50 µm). (D) Average ROS fluorescence intensity in lung tissues from each group. (E–G) Biochemical assays measuring
iron content (E), GSH levels (F), and MDA levels (G). (H) Western blot analysis of ferroptosis-related proteins TFR1, SLC7A11, FSP1,
and GPX4 in lung tissues. (I) Prussian blue staining of lung tissues (DAB-enhanced, ×200) with arrows indicating iron deposition,
showing brown coloration. N = 10, #p < 0.05 vs. CON group. *p < 0.05 vs. OVA group. TUNEL, Terminal deoxynucleotidyl
transferase dUTP nick end labeling; DAPI, 4’,6-diamidino-2-phenylindole; UV, Ultraviolet; FITC, Fluorescein isothiocyanate; ROS,
reactive oxygen species; GSH, glutathione; MDA, malondialdehyde; TFR1, transferrin receptor 1; SLC7A11, Solute carrier family 7
member 11; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; DAB, 3,3’-Diaminobenzidine.
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Fig. 4. Garcinol on SIRT1 and PPARα expression. (A,B) Immunofluorescence staining and quantitative analysis of SIRT1 and
PPARα expression; scale bar = 50 µm. (C,D) Western blot analysis and quantitative densitometry of SIRT1 and PPARα protein levels
in lung tissues from each group. N = 10, #p < 0.05 vs. CON group. *p < 0.05 vs. OVA group. SIRT1, Sirtuin 1; PPARα, peroxisome
proliferator–activated receptor alpha.

significantly decreased the expression of both SIRT1 and
PPARα compared to the control (p < 0.05). Treatment
with garcinol significantly increased the levels of SIRT1

and PPARα proteins (p < 0.05), suggesting its regula-
tory effect on the SIRT1/PPARα pathway. In contrast, co-
treatment with the SIRT1 inhibitor EX527 significantly re-
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Fig. 5. Effects of garcinol on IL-13–induced inflammatory response, barrier dysfunction, and ferroptosis-related changes in
BEAS-2B. (A,D) CCK-8 assay. (B,C,E,F) ELISA measurement of IL-6 and IL-1β secretion levels in cell culture supernatants. (G–J)
Western blot analysis of airway epithelial barrier proteins (E-cadherin, Claudin-1) and SIRT1/PPARα-related proteins. (K) Western blot
analysis of ferroptosis-related protein expression. N = 10, #p < 0.05 vs. Control group; *p < 0.05 vs. IL-13 group. BEAS-2B, human
bronchial epithelial cells; CCK-8, Cell Counting Kit-8.

duced SIRT1 and PPARα expression, indicating that garci-
nol’s effect may involve the activation of the SIRT1/PPARα
signaling axis in IL-13-stimulated BEAS-2B cells.

Intracellular levels of GSH, MDA, and iron content
were measured using biochemical assay kits (Fig. 7D–F),
while the expression of ferroptosis-related proteins (TFR1,
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Fig. 6. Effects of ferroptosis inhibition on E-cadherin, Claudin-1, SLC7A11, FSP1, GPX4, and TFR1 protein expression in IL-
13–treated BEAS-2B cells. (A,B) Western blot detection and quantitative analysis of E-cadherin and Claudin-1 protein expression in
BEAS-2B cells. (C,D) Western blot detection and quantitative analysis of ferroptosis-related proteins (SLC7A11, FSP1, GPX4, TFR1)
in BEAS-2B cells. N = 3, #p < 0.05 vs. Control group; *p < 0.05 vs. IL-13 group.

SLC7A11, FSP1, GPX4) was evaluated by WB (Fig. 7G).
IL-13 stimulation significantly decreased GSH levels and
the expression of SLC7A11, FSP1, andGPX4, while signif-
icantly increasing iron content, MDA levels, and TFR1 ex-
pression (p < 0.05). Garcinol intervention significantly re-
versed these changes, elevating GSH, SLC7A11, FSP1, and
GPX4 levels, and reducing iron content, MDA, and TFR1
levels (p< 0.05). This suggests that garcinol modulates fer-
roptosis and related proteins, thereby attenuating oxidative
stress damage. Notably, the addition of EX527 abolished
these protective effects, leading to significantly increased
iron content, MDA, and TFR1 levels, and decreased GSH,
SLC7A11, FSP1, and GPX4 levels (p < 0.05). This indi-
cates that garcinol likely regulates ferroptosis by modulat-
ing the activity of ferroptosis-related proteins through the
activation of the SIRT1/PPARα signaling pathway.

Finally, WB analysis of E-cadherin and Claudin-1 re-
vealed that their expression was significantly downregu-
lated by IL-13 stimulation (p < 0.05, Fig. 7H). Garcinol
treatment significantly restored their expression (p< 0.05).
However, this effect was attenuated by co-treatment with
EX527, which showed decreased E-cadherin and Claudin-1
levels. This suggests that garcinol participates in regulating
IL-13-induced airway epithelial barrier function, likely via
the SIRT1/PPARα signaling pathway.

Discussion

Asthma, a prevalent chronic respiratory disease
worldwide, remains a considerable clinical challenge due
to persistently high incidence and disease burden. Although
inhaled glucocorticoids are first-line therapies, their single
anti-inflammatory mechanism limits clinical efficacy, with
some patients exhibiting glucocorticoid insensitivity, resis-
tance, or poor symptom control. The systemic side-effects
of long-term treatment with high doses of inhaled gluco-
corticosteroids include easy bruising, adrenal suppression
and decreased bone mineral density [27]. Therefore, the
development of novel, efficacious drugs with diverse mech-
anisms of action remains an urgent need in asthma therapy.

Garcinol, a natural polyphenol derived from Garcinia
species, has been reported to exhibit anti-inflammatory, an-
tioxidant, anti-pulmonary fibrosis, immunoregulatory, and
neuroprotective activities [14]. Its natural origin suggests
relative safety; however, its specific role and mechanisms
in asthma remain unclear. In this study, we established an
OVA-induced murine asthma model to systematically eval-
uate garcinol’s effects and mechanisms in vivo and applied
an IL-13–stimulated BEAS-2B cell model in vitro to as-
sess garcinol’s therapeutic potential against allergic asthma.
The results demonstrated that garcinol significantly atten-
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Fig. 7. Effects of garcinol on IL-13–treated BEAS-2B cells after SIRT1 inhibition by EX527. (A) Effects of different concentrations
of EX527 on the viability of IL-13–treated BEAS-2B cells (n = 3). #, p< 0.05 vs. 0 ng; *, p< 0.05 vs. IL-13 group. (B,C) Western blot
detection and quantitative analysis of SIRT1 (B) and PPARα (C) protein expression in each group. (D–F) Biochemical assays measuring
GSH, MDA, and iron content in each group. (G) Western blot analysis of ferroptosis-related proteins (TFR1, SLC7A11, FSP1, GPX4) in
each group. (H) Western blot analysis of E-cadherin and Claudin-1 protein expression in each group. N = 3, #p < 0.05 vs. CON group;
*p < 0.05 vs. IL-13 group; &p < 0.05 vs. the corresponding concentration of Garcinol group.

https://www.discovmed.com/


1837

uated airway inflammation, inhibited airway remodeling,
and modulated ferroptosis.

Garcinol Attenuates Airway Inflammation and
Hyperresponsiveness in OVA-Induced Asthmatic
Mice

Airway inflammation and hyperresponsiveness are
core pathological features of asthma. Using OVA sensitiza-
tion and challenge, we successfully established an allergic
asthmamodel. Mice in the OVAgroup exhibited typical air-
way hyperresponsiveness, manifested by significantly in-
creased airway resistance, elevated leukocytes, eosinophils,
and neutrophils in BALF, and upregulated Th2 cytokines
IL-4, IL-5, and IL-13. This phenotype is consistent with
previous reports by Hayashi et al. [28], validating the reli-
ability of our model.

Garcinol and budesonide intervention significantly re-
duced airway resistance, mitigated lung tissue damage, and
suppressed BALF inflammatory cell infiltration and IL-
4/IL-5/IL-13 release. Allergic asthma is primarily driven
by Th2 immune responses, which, via IL-4, IL-5, and IL-
13 secretion, mediate both acute asthma symptoms and air-
way remodeling [6,7]. The synergistic suppression of these
key cytokines by garcinol suggests its potential to modulate
critical nodes of Th2 immunity, alleviating acute inflam-
matory responses and providing experimental support for
further drug development.

Garcinol Inhibits Airway Remodeling by Reducing
Epithelial Inflammation and Restoring Barrier
Function

Airway remodeling underlies chronic progression and
irreversible pulmonary function decline in asthma. HE,
PAS, and Masson staining revealed significant airway wall
thickening, goblet cell hyperplasia, and collagen deposition
in OVAmice, leading to luminal narrowing. Garcinol inter-
vention markedly improved these structural abnormalities,
indicating inhibition of airway remodeling and providing in
vivo evidence of its role in asthma management.

Airway epithelium serves as a critical host-
environment interface, maintaining tissue homeostasis.
IL-13, a key asthma mediator, induces mucus hyper-
secretion and ciliary dysfunction, recapitulating clinical
phenotypes [29]. IL-13 suppressed cell viability and pro-
moted IL-6 and IL-1β release, which can further amplify
inflammation in severe asthma [30]. Garcinol significantly
reduced IL-6 and IL-1β in culture supernatants, consistent
with its systemic anti-inflammatory effects in mice, indi-
cating direct anti-inflammatory and protective effects on
airway epithelium.

Furthermore, disruption of epithelial barrier integrity
is a key factor facilitating allergen penetration and the per-
sistence of chronic inflammation [10]. Claudin-1, a core
tight junction protein, when downregulated, directly com-

promises airway epithelial barrier integrity, thereby exac-
erbating allergen infiltration and inflammatory responses
[31]. E-cadherin, a major component of adherens junctions,
can contribute to airway remodeling through intrinsic ep-
ithelial mechanisms and epithelial-immune signaling cas-
cades when its expression is reduced [32]. In this study, we
observed that the expression levels of both proteins were
significantly decreased in the lung tissues of asthmatic mice
and in IL-13-stimulated BEAS-2B cells, consistent with re-
ports that Claudin-1 loss accelerates allergic responses [31]
and E-cadherin downregulation promotes airway remodel-
ing [32]. Garcinol treatment markedly upregulated the ex-
pression of these two proteins, providing molecular-level
evidence for its ability to restore epithelial barrier function
and inhibit airway remodeling, supporting its multi-targeted
mechanism of action.

Critical Role of SIRT1/PPARα Signaling in
Garcinol’s Anti-Asthma Effects

Wu et al. [33] reported that morin alleviates sepsis-
associated encephalopathy by inhibiting ferroptosis via
SIRT1 activation. SIRT1 is a nicotinamide adenine din-
ucleotide (NAD+)-dependent deacetylase that modulates
pulmonary immune/inflammatory responses and aging pro-
cesses primarily through post-translational modifications,
and it is implicated in the pathogenesis of various lung dis-
eases, including asthma [34]. A recent study has shown
that SIRT1 regulates the activity of steroid hormone recep-
tors, interacts with glucocorticoid receptors, and plays a key
role in glucocorticoid signaling [35]. In addition, SIRT1
regulates ferroptosis in multiple tissues, including the lungs
[36,37]. Additionally, SIRT1 can modulate steroid receptor
activity and interact with androgen receptor and glucocorti-
coid receptor (GR). In certain glucocorticoid-resistant dis-
eases, reduced SIRT1 expression has been observed, sug-
gesting that SIRT1may represent a potential therapeutic tar-
get for pulmonary disorders and could provide novel oppor-
tunities for treating glucocorticoid-resistant asthma [34].
However, whether garcinol can regulate asthma by inhibit-
ing ferroptosis via SIRT1 has not been reported.

PPARα, a member of the nuclear receptor superfam-
ily, is a key downstream target of SIRT1 in lipid metabolism
regulation and serves as an important transcriptional reg-
ulator in lipid transport and inflammatory processes [38].
A study has shown that PPARα agonists can improve
ovalbumin-induced allergic asthma, although the precise
mechanisms remain unclear [39]. Notably, PPARα and its
mediated signaling pathways play a crucial role in the reg-
ulation of ferroptosis. On one hand, PPARα can activate
antioxidant signaling pathways (such as Nrf2/ARE), indi-
rectly upregulating SLC7A11 expression to enhance cys-
tine uptake and GSH synthesis [40,41]; on the other hand,
it can reduce iron-induced lipid peroxidation by inhibiting
TFR1-mediated iron overload and regulating FSP1, thereby
modulating ferroptosis [42,43]. To date, there are no reports
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on whether garcinol can inhibit ferroptosis via PPARα or
the SIRT1/PPARα axis to participate in asthma regulation.

Immunofluorescence and WB analyses showed that
SIRT1 and PPARα expression in OVA mouse lungs was
significantly reduced compared with CON, indicating their
involvement in asthma pathology. Garcinol significantly
increased SIRT1 and PPARα expression in the OVA+LG,
OVA+HG, and OVA+BUD groups, representing in vivo ev-
idence that garcinolmay regulate asthma via SIRT1/PPARα
modulation.

In IL-13–stimulated BEAS-2B cells, addition of
SIRT1 inhibitor EX527 significantly reduced E-cadherin
and Claudin-1 expression, similar to ferroptosis inhibition,
consistent with Jiang et al. [34]. Garcinol restored these
proteins, suggesting activation of SIRT1/PPARα mediates
epithelial barrier protection, aligning with in vivo findings
[35]. We innovatively suggest that garcinol may enhance
glucocorticoid sensitivity via SIRT1/PPARα activation.

Garcinol Confers Pulmonary Protection by
Modulating Ferroptosis

A recent study has shown that morin alleviates sepsis-
associated encephalopathy by inhibiting ferroptosis through
SIRT1 activation [33]. Ferroptosis contributes to the patho-
genesis of asthma primarily through oxidative stress and
dysregulated iron metabolism. Ferroptosis is regulated by
several key signaling pathways. Particularly, depletion of
GSH leads to GPX4 inactivation. The GPX4-GSH-system
Xc⁻ axis constitutes the core execution mechanism of fer-
roptosis [44]. SLC7A11, also known as xCT, is a cys-
tine transporter that not only contributes to GSH synthesis
but also serves as a critical regulator of ferroptosis, with
the GSH-GPX4 antioxidant axis mediating its ferroptosis-
inhibitory function [45]. Transferrin receptor 1 and ferrop-
tosis suppressor protein 1 are central regulators of ferrop-
tosis, modulating the process through the disruption of iron
homeostasis and lipid peroxidation pathways, respectively
[46,47]. MDA, one of the end products of lipid peroxida-
tion during ferroptosis, serves as an important indicator for
assessing both lipid peroxidation levels and oxidative stress
[46]. Our findings provide experimental and theoretical ev-
idence supporting the therapeutic potential of garcinol in
allergic asthma.

First, we observed classic hallmarks of ferroptosis in
an OVA-induced asthmatic mouse model: tissue iron ac-
cumulation, elevated levels of lipid peroxidation products
(MDA and ROS), and depletion of the key antioxidant
GSH. At the molecular level, SLC7A11, GPX4, and FSP1
were downregulated, while the positive regulator TFR1was
upregulated in both lung tissue and injured BEAS-2B cells.
SLC7A11 functions as a key element of the GSH-GPX4
antioxidant system, mediating cystine uptake required for
GSH synthesis. GPX4, in turn, depends on GSH to detoxify
lipid peroxides and serves as a pivotal regulator in prevent-
ing ferroptotic cell death. Downregulation of SLC7A11 and

GPX4 signifies a collapse of the cellular antioxidant de-
fense system [18,45]. FSP1, another major anti-ferroptotic
protein independent of the GPX4 pathway, further exacer-
bates cellular sensitivity to oxidative stress when downreg-
ulated [48]. Conversely, upregulation of TFR1 promotes
iron uptake, thereby catalyzing lipid peroxidation [49,50].
The increase in TUNEL-positive cells, although tradition-
ally associated with apoptosis, can also result from the se-
vere lipid peroxidation and ROS accumulation characteris-
tic of ferroptosis, both of which can induce DNA damage.
These findings provide evidence for the presence of active
ferroptosis in lung tissue.

To further substantiate the role of ferroptosis in
asthma-induced lung injury, IL-13-stimulated BEAS-2B
cells were treated with Fer-1. Fer-1 treatment increased the
levels of epithelial barrier proteins E-cadherin and Claudin-
1 compared to the IL-13 group, confirming that inhibiting
ferroptosis effectively alleviates asthma-associated airway
epithelial damage. Furthermore, the IL-13+Fer-1 group
showed significant upregulation of SLC7A11, FSP1, and
GPX4 protein levels, alongside downregulation of TFR1.
These findings indicate that ferroptosis inhibition effec-
tively reduces IL-13-induced ferroptosis in BEAS-2B cells.
These in vitro results are consistent with the animal find-
ings, further supporting the pivotal role of ferroptosis in the
initiation and progression of airway epithelial barrier injury.

The most critical finding of this study is that garcinol
intervention reversed all the aforementioned ferroptosis-
related alterations. Specifically, garcinol upregulated the
expression of SLC7A11, GPX4, and FSP1, downregulated
TFR1 expression, reduced MDA and ROS levels, and re-
stored GSH content. These results suggest that inhibiting
ferroptosis is a crucial upstream mechanism under which
garcinol exerts its anti-inflammatory and epithelial protec-
tive effects. Excessive lipid peroxides and ROS gener-
ated during ferroptosis can directly damage cell membrane
structures, trigger intense inflammatory responses, and dis-
rupt the epithelial barrier. Therefore, garcinol likely ex-
erts its beneficial effects on inflammation, barrier function,
and airway remodeling by multi-target stabilization of iron
metabolism and the antioxidant defense system, thereby in-
hibiting ferroptosis and oxidative stress. This aligns with
the perspective proposed by Yin et al. [51], that targeting
ferroptosis in lung epithelial cells represents a novel thera-
peutic strategy for asthma.

PPARα, a downstream factor of SIRT1, plays a signif-
icant role in lipid metabolism and inflammatory responses.
Our data demonstrate that co-treatment with the SIRT1 in-
hibitor EX527 (IL-13+garcinol+EX527 group) abrogated
the protective effects of garcinol. Specifically, it increased
tissue iron accumulation, MDA, and ROS levels, depleted
GSH content, downregulated SLC7A11, GPX4, and FSP1
expression, and upregulated TFR1 in BEAS-2B cells. This
indicates that the SIRT1/PPARα pathway may regulate fer-
roptosis, potentially through modulating pathways such as
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Nrf2/SLC7A11/GPX4 and FSP1, influencing not only air-
way epithelial injury but also the ferroptotic process. In
summary, garcinol appears to play its important regulatory
role across multiple pathological aspects of asthma by con-
currently activating SIRT1 and PPARα, therebymodulating
key ferroptosis-related proteins and mediating the ferropto-
sis process.

Conclusion

In summary, firstly, this study employed an asth-
matic mouse model for in vivo experiments, demonstrat-
ing that garcinol intervention effectively attenuates air-
way inflammation, alleviates lung structural damage, and
improves lung function, thereby significantly mitigating
asthma-induced lung injury. Furthermore, garcinol appears
to inhibit ferroptosis signaling, potentially via activation
of the SIRT1/PPARα pathway. Secondly, using an IL-
13-induced BEAS-2B cell injury model for in vitro stud-
ies, results consistent with the animal model were obtained,
suggesting that garcinol’s regulation of ferroptosis in these
cells is dependent on the SIRT1/PPARα signaling pathway.
Finally, intervention with the SIRT1 inhibitor EX527 in
BEAS-2B cells further clarified that garcinol ameliorates
IL-13-induced cell injury and alleviates asthma-related lung
damage by inhibiting ferroptosis through the initiation of
the SIRT1/PPARα signaling pathway.

To our knowledge, this study creatively reveals
that garcinol exerts significant protective effects against
asthma-induced lung injury by inhibiting ferroptosis via ac-
tivation of the SIRT1/PPARα signaling pathway. In ad-
dition, garcinol also effectively suppresses airway inflam-
matory cytokines and attenuates airway epithelial damage,
thereby helping to prevent asthma-related lung injury. Fur-
thermore, garcinol may regulate steroid hormone receptor
activity by activating the SIRT1 pathway, potentially of-
fering a novel therapeutic strategy for patients with severe
asthma.
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