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Introduction: Acute lung injury (ALl) is a life-threatening respiratory disorder
characterized by excessive inflammation and oxidative stress, with no specific
pharmacological therapy currently available. Cornuside (CNS), a bioactive iridoid
glycoside derived from Cornus officinalis (Sieb. et Zucc.), has garnered increasing
attention for its bone-protective, neuroprotective, anti-inflammatory, and anti-
diabetic properties, yet its effects on ALl remain unclear.

Methods: Male C57BL/6J mice received intratracheal lipopolysaccharide to
induce ALl and intragastric CNS (25 or 50 mg/kg) 1 h before and 3 h after LPS.
Lung injury was assessed by survival, wet/dry ratio, bronchoalveolar lavage fluid
(BALF) protein, histology, and open-field testing. Oxidative stress was evaluated
by MPO, MDA, and GSH-PX assays. Keap1-Nrf2 pathway activation was analyzed
by Western blot and immunofluorescence of Keapl, Nrf2, GPX4, and NQO1,
including Nrf2 nuclear translocation. In vitro, bone-marrow-derived
macrophages and J774A.1 cells were used to measure NLRP3 inflammasome
activation, caspase-1 cleavage, IL-1p release, and GSDMD-mediated pyroptosis
by ELISA, Western blot, confocal imaging, and propidium iodide staining. Lung
RNA sequencing identified differentially expressed genes and enriched pathways
related to oxidative stress and inflammation.

Results: CNS significantly improved survival, reduced pulmonary edema, and
alleviated lung inflammation and locomotor deficits in LPS-challenged mice.
Transcriptomic analysis revealed downregulation of oxidative stress- and
inflammation-related pathways. CNS inhibited NLRP3 inflammasome
activation, as shown by decreased caspase-1 cleavage, IL-1p release, GSDMD
processing, and ASC speck formation in vivo and in vitro. In parallel, CNS activated
the Keapl-Nrf2 pathway, increasing nuclear Nrf2 translocation and the
expression of antioxidant proteins (GPX4, NQO1), while reducing oxidative
stress markers MPO and MDA.

Discussion: These findings demonstrate that CNS protects against LPS-induced
ALl by concurrently suppressing NLRP3 inflammasome-mediated pyroptosis and

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2025.1682523/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1682523/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1682523/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1682523/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1682523/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2025.1682523&domain=pdf&date_stamp=2025-10-08
mailto:saiyin2012@126.com
mailto:saiyin2012@126.com
https://doi.org/10.3389/fphar.2025.1682523
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2025.1682523

Luo et al.

10.3389/fphar.2025.1682523

enhancing Keapl-Nrf2 antioxidant signaling. This dual mechanism highlights CNS
as a promising natural therapeutic candidate for ALl and related oxidative stress-

driven lung diseases.
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Introduction

Acute lung injury (ALI) is a common, life-threatening clinical
syndrome that has recently attracted considerable global attention,
particularly in the context of the coronavirus disease 2019 (COVID-
19) pandemic (Long et al., 2022). Pneumonia-the leading cause of
ALI-is a lower respiratory tract infection of the lung parenchyma,
most often caused by respiratory viruses, Gram-negative or Gram-
positive bacteria, and, globally, mycobacteria (Aliberti et al., 2021).
Clinically, ALI is characterized by pulmonary edema, infiltration of
inflammatory cells, increased microvascular permeability, and, in
severe cases, progression to acute respiratory distress syndrome
(ARDS) (Xia et al.,, 2022; Fan et al., 2018). Although advances such
as mechanical ventilation have improved patient outcomes, there
remains no effective pharmacological treatments for ALI/ARDS,
and the mortality rate continues to be unacceptably high, ranging
from 35% to 55% (Pham and Rubenfeld, 2017).

The NLRP3 inflammasome is a key component of the innate
immune system’s first line of defense against pathogenic infections.
Although appropriate activation of NLRP3 helps clear pathogens and
supports tissue repair, persistent or excessive activation drives
overproduction of downstream cytokines beyond normal host-
protective levels (Wang X. et al,, 2023). Such dysregulation disrupts
the protective balance and contributes to the pathogenesis of ALI and
other inflammatory diseases, making NLRP3 inhibition an attractive
(Yin 2023). the
NLRP3 inflammasome is a cytoplasmic multiprotein complex
composed of the sensor NLRP3, the adaptor ASC (apoptosis-
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associated speck-like protein containing a CARD), and the effector
protease caspase-1. Upon activation, caspase-1 cleaves pro-IL-1p and
gasdermin D (GSDMD), generating mature IL-1p and the GSDMD-N
fragment. This process induces pyroptosis-a pro-inflammatory form of
programmed cell death-and drives the release of inflammatory
cytokines, thereby amplifying the inflammatory response (Ren et al,
2024). Consistent with this mechanism, elevated levels of IL-1p and IL-
18 are frequently detected in patients with ALI and correlate with poor
clinical outcomes (Dolinay et al., 2012). Supporting these clinical
observations, multiple experimental models-including LPS-induced
septic ALI and ventilator-induced lung injury-have shown that
stimuli such as mitochondrial DNA, bacterial endotoxin, and
mechanical stress activate NLRP3 through Toll-like receptor (TLR4/
TLR9), NF-kB, and p38 MAPK signaling pathways, whereas genetic
deletion or pharmacological inhibition of NLRP3 markedly reduces
lung inflammation and tissue damage (Wu et al., 2019; Yang J et al,
2022; Zhang et al., 2020; Kuipers et al,, 2012; Dai et al., 2015).

In the lung, excessive ROS are generated by inflammatory cells
such as macrophages and neutrophils through enzymes including
NADPH oxidase and myeloperoxidase (MPO) (Jiang et al., 2020).
High ROS levels damage lipids, proteins, and DNA, disrupt the
alveolar-capillary barrier, and promote pulmonary edema and
inflammatory cell infiltration-hallmark features of ALI (Wang
et al,, 2025). Clinical and experimental studies consistently show
that antioxidant therapies or genetic enhancement of antioxidant
pathways can attenuate lung injury and improve outcomes (Zhang
Y. et al,, 2022; Qin et al,, 2024). Importantly, oxidative stress also
serves as a major upstream signal for activation of the
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NLRP3 inflammasome, linking redox imbalance to the amplification
of inflammatory cascades in ALI (Zhou et al.,, 2011; Meng et al.,
2023). Conversely, activation of the Kelch-like ECH-associated
protein 1 (Keapl)-nuclear factor erythroid 2-related factor 2
(Nrf2) antioxidant pathway mitigates oxidative stress and
suppresses NLRP3 activation. Under oxidative conditions, Nrf2 is
released from Keapl inhibition, translocates into the nucleus, and
induces the expression of antioxidant and cytoprotective genes,
thereby establishing an anti-inflammatory environment that
counteracts NLRP3-driven inflammation (Zhao et al., 2021; Tao
et al., 2021).

Cornus officinalis (Sieb. et Zucc.), a traditional East Asian medicinal
herb, has long been prescribed for conditions such as hypertension,
lower back and knee pain, dizziness, tinnitus, impotence, nocturnal
emissions, and excessive menstruation (Spychaj et al., 2021). During the
COVID-19 pandemic, Cornus officinalis has also played an important
therapeutic role. Since 2020, its use has been recommended in China’s
updated Diagnosis and Treatment Protocols for COVID-19, particularly
for the management of severe cases that present with ALI or ARDS (Liu
et al,, 2025). Pharmacological studies have revealed that the high-
polarity components of C. officinalis, especially cornuside (CNS,
PubChem CID: 11228694), are responsible for many of its biological
activities (Wang et al., 2018). CNS, an iridoid glycoside isolated from the
fruit or stone of C. officinalis, exhibits diverse therapeutic properties,
including bone-protective, neuroprotective, anti-inflammatory, and
anti-diabetic effects, and has attracted increasing attention in recent
years (Gao et al,, 2021; Wang L. et al,, 2023; Shi et al,, 2022; Yu et al,
2023; Lian et al,, 2024; Xiang et al., 2024; Cui et al., 2024). However,
despite these promising pharmacological activities, the potential role of
CNS in treating ALL as well as its underlying molecular mechanisms,
remains largely unexplored.

In this study, we evaluated the protective effects of CNS on
lipopolysaccharide (LPS)-induced ALI and demonstrated that CNS
markedly reduced lung inflammation and improved locomotor
activity  in CNS
NLRP3 limited pyroptosis, and
enhanced the Keapl-Nrf2 antioxidant pathway, indicating its

mice.  Mechanistically, suppressed

inflammasome activation,

potential as a promising therapeutic candidate for ALL

Materials and methods
Reagents and antibodies

ATP salt hydrate (A6419), lipopolysaccharides (L4391, 1.2880),
Hoechst33342  (B2261), and propidium iodide (P4170) were
purchased from Sigma-Aldrich (Munich, Germany). Nigericin
(TLRL-NIG) was from InvivoGen (San Diego, CA, USA), and
cornuside (HY-N0631; C,4H30014 Mw: 542.49; purity >99.99%) was
purchased from MedChemExpress (Monmouth Junction, NJ, USA).
Cell Counting Kit-8 (CK04-100) were obtained from Dojindo
(Kumamoto, Japan). Mouse IL-1B enzyme-linked immunosorbent
assay (ELISA) kits (KE10003-96T) were purchased from Proteintech
(Chicago, IL, USA). Fetal bovine serum (1600044) and Dulbecco’s
modified Eagle’s medium (DMEM; C11995500BT) were purchased
from Gibco (Carlsbad, CA, USA). Murine M-CSF (315-02) was
obtained from PeproTech (Rocky Hill, NJ, USA). Anti-Nrf2 (1:1000,
GB113808), anti-IL-13 (1:1000, GB11113-100), anti-GPX4 (1:2000,
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GB124327), anti-NQOI1 (1:1000, GB11282), MDA kits (G4300-96T)
and anti-Keap1 (1:1000, GB113747-100) antibodies were obtained from
Servicebio (Wuhan, China). GSH-PX kits (A005) were purchased from
Jiancheng Bioengineering Institute (Nanjing, China). Anti-GSDMD (1:
1000, ab209845), anti-caspase-1 ~ (1:2000, ab179515), and
caspasel P10 Polyclonal antibodies (PA5-105049) were purchased
from Abcam (Cambridge, MA, USA). Anti-NLRP3 (1:1000, AG-
20B-0014-C100) and Anti-ASC (1:1000, AG-25B-0006-C100)
antibodies were obtained from Adipogen (San Diego, CA, USA).

Mice

Male C57BL/6] mice (8 weeks old) were obtained from Vital River
Co., Ltd. (Beijing, China) and acclimated for 1 week in a specific
pathogen-free (SPF) animal facility before the start of the experiments
(Approval No. BUCM-2024030701-1136). All animal procedures were
performed in accordance with the Guidelines for the Care and Use of
Laboratory Animals issued by the Ministry of Science and Technology
of China and were approved by the Animal Ethics Committee of Beijing
University of Chinese Medicine. Mice were randomly assigned to four
groups: control, LPS model, CNS low-dose (25 mg/kg), and CNS high-
dose (50 mg/kg), Sample sizes (n) for each experiment are indicated in
the corresponding figure legends.

LPS-induced ALI model

Mice were anesthetized with isoflurane, and ALI was induced by
intratracheal instillation of LPS at a dose of 2 mg/kg or 10 mg/kg
(lethal dose). CNS (25 or 50 mg/kg) or phosphate-buffered saline
(PBS) was administered intragastrically 1 h before and 3 h after LPS
challenge (Wei et al., 2024). Control mice received equal volumes of
PBS intragastrically and intratracheally on the same schedule but
without LPS or CNS. The CNS doses were selected from published in
vivo studies demonstrating efficacy and safety within this range
(Wang L. et al,, 2023; Yu et al.,, 2023). The LPS doses were chosen
according to established models and confirmed by our preliminary
experiments (Nguyen et al., 2022; Shan et al., 2024). Six hours after
LPS administration, mice were euthanized with pentobarbital. BALF
was collected from a dedicated cohort by instilling 1 mL of cold PBS
(4 °C) into the trachea and withdrawing the fluid three times (total
3 mL). The pooled lavage was centrifuged at 300 x g for 5min at 4 °C
to remove cells/debris and the supernatant was used exclusively for
BALF assays. These animals were not used for histology or Western
blot. Lung tissues for H&E, IHC, IF, RNA-seq, and Western blot
were obtained from a separate, non-lavaged cohort; lungs were fixed
in 4% paraformaldehyde for histology or snap-frozen in liquid
nitrogen and stored at —80 °C for subsequent analysis.

Open field test

The open field test was performed 6 h after LPS-induced ALI to
evaluate exploratory behavior (Li et al., 2023). Mice were placed
individually in an open box (60 cm x 60 cm % 40 cm) with a floor
divided into 25 equal squares and black-painted walls. Horizontal
activity was defined as the number of times a mouse crossed into a
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new square with all three paws fully entering, whereas vertical
activity was defined as the number of times a mouse reared on
its hind legs (either free-standing or climbing the wall). Each mouse
was observed for 3 min, and both horizontal and vertical activities
were recorded. The entire testing process was video-recorded, and
the environment was kept quiet to avoid disturbances. After each
trial, the box was cleaned with 75% ethanol and any feces were
removed to prevent influencing subsequent tests (Luo et al., 2020).

Lung wet/dry (W/D) weight ratio
measurement

Lung tissues were collected 6 h after LPS administration,
immediately weighed to obtain the wet weight, and then dried in
an oven at 55 °C for 72 h to determine the dry weight. Pulmonary
edema was assessed by calculating the wet-to-dry (W/D) weight
ratio (Li et al., 2019).

Hematoxylin and eosin(H&E) staining

Following anesthesia with isoflurane and euthanasia, lung
tissues were harvested and fixed in 4% paraformaldehyde. After
fixation, the tissues were embedded in paraffin and sectioned for
staining. Sections were stained with hematoxylin and eosin (H&E),
sealed, and imaged using a Pannoramic Scan digital slide scanner
(3DHISTECH, Budapest, Hungary). Lung injury was scored
independently by two blinded pathologists based on five
histopathological parameters. The severity of injury was graded
on a scale from 0 to 4: 0, no lesion; 1, mild inflammation
without necrosis; 2, moderate inflammation with occasional
necrotic cells; and 4, severe inflammation characterized by
frequent necrosis and edema (Lv et al.,, 2023).

Immunohistochemistry

Immunohistochemical analysis was performed to assess the
expression of F4/80, Ly6G, and MPO in lung tissues. Paraffin-
embedded sections underwent heat-induced antigen retrieval and
were blocked with 10% goat serum for 30 min at 37 °C. The sections
were then incubated overnight at 4 °C with primary antibodies
(1:50 dilution). After washing with PBS, HRP-conjugated secondary
antibodies were applied and incubated for 3 h at room temperature.
Fresh DAB substrate was used for color development, followed by
counterstaining with hematoxylin. Finally, the sections were
dehydrated, mounted, and imaged under a light microscope.

Measurement of malondialdehyde (MDA)
and glutathione peroxidase (GSH-PX) in
lung tissues

To evaluate lipid peroxidation and antioxidant enzyme activities
in lung tissues, homogenates were prepared in extraction buffer.
MDA and GSH-PX levels were measured using commercial assay
kits according to the manufacturer’s instructions.
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Cell culture

Bone marrow-derived macrophages (BMDMs) were isolated
from the femurs and tibias of wild-type mice. A small hole was
created at the bottom of a 0.6 mL microcentrifuge tube usinga 5 mL
syringe needle. After removal of the epiphyses, the bones were
tube 1.5 mL
microcentrifuge tube, and the bone marrow was collected by

placed in the prepared nested inside a
centrifugation at 10,000 x g for 30 s. Primary BMDMs were
cultured at 37 °C in DMEM supplemented with 20% fetal bovine
serum (FBS), 25 ng/mL M-CSF, and 1% penicillin-streptomycin
(P/S) for 7 days. The culture medium was refreshed on day 3 and
replaced on day 5. The mouse macrophage cell line J774A.1 was

maintained in DMEM supplemented with 10% FBS and 1% P/S.

Cytotoxicity assay

The cytotoxicity of CNS toward J774A.1 macrophages was evaluated
using the CCK-8 assay. Cells were treated with CNS at concentrations of
2.5, 5, 10, 20, 30, 40, 80, and 100 uM for 12 or 24 h, followed by
incubation with CCK-8 reagent (10 pL per well) for 30 min at 37 °C.
Absorbance was measured at 450 nm to determine cell viability.

Inflammasome activation

To stimulate the NLRP3 inflammasome, BMDMs or J774A.1 cells
were pretreated with CNS (10, 20, or 40 uM) for 6 h, followed by
priming with LPS (100 ng/mL for BMDMs and 500 ng/mL for
J774A.1 cells) for 4 h. Cells were then stimulated with nigericin
(10 uM for BMDMs and 20 puM for J774A.1 cells) or ATP (4 mM)
for 1 h unless otherwise specified (Supplementary Figure S1).

Cell death assays

Inflammatory cell death was assessed by staining cells with
propidium iodide (PI, 4 ug/mL) and Hoechst 33,342 (5 pg/mL)
for 10 min. Images of pyroptotic cells were captured using an INCell
Analyzer 2500 equipped with a High-Content Analysis system (GE
Healthcare, Pittsburgh, PA, USA).

ELISA

Conditioned media or serum samples were collected, and mouse
IL-1p levels were measured using commercial ELISA kits according
to the manufacturer’s instructions (Proteintech, Chicago, IL, USA).

Immunoblotting

Immunoblotting was performed to detect protein expression in
lung tissues, BMDMs, J774A.1 cells, and culture supernatants. As
previously described (Pan et al., 2020; Zhu et al., 2019), an equal
volume of culture medium was collected and concentrated to detect
secreted caspase-1 p10. Protein samples were separated by SDS-
PAGE and transferred onto nitrocellulose membranes. After
overnight incubation at 4 °C with primary antibodies, membranes
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were incubated with appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 h at room temperature.
Protein bands were visualized using an SCG-W2000 automatic
chemiluminescence imaging system (Servicebio, Shanghai, China)
and analyzed with AIWBwell™ software.

Confocal microscopy

To observe ASC speck formation, BMDMs were fixed with 4%
paraformaldehyde for 20 min and permeabilized with 0.5% Triton
X-100 for 20 min. Nonspecific binding sites were blocked with 10%
goat serum. Cells were then incubated overnight at 4 °C with anti-
ASC antibody (1:100), followed by Alexa Fluor 488-conjugated
secondary antibody for 1 h and counterstaining with Hoechst
33,342 for 10 min. Confocal images were acquired using an
Olympus FV3000 confocal microscope (Tokyo, Japan) and
processed with the manufacturer’s software. For detection of
Caspase-1 pl0, lung tissue sections were incubated with anti-
Caspase-1 p10 antibody (1:150) and counterstained with Hoechst.
To assess the co-localization of Nrf2 and nuclei, lung sections were
anti-Nrf2 (1:150)  followed by

incubated  with antibody

Hoechst staining.

RNA sequencing and
bioinformatics analyses

Total RNA was extracted from lung tissues after LPS stimulation
using TRIzol reagent. Samples meeting quality control standards
were subjected to RNA sequencing (RNA-Seq). Sequencing quality
was assessed using FastQC (v0.11.5), and low-quality reads were
filtered using NGSQC (v2.3.3). Gene expression was quantified with
StringTie (v1.3.3b), and differentially expressed genes were
identified for downstream analysis.

Statistical analysis

All data were analyzed using GraphPad Prism 8.0.2 software. For
experiments involving multiple groups with a single independent
variable, data were first tested for homogeneity of variance. When
variances were equal, one-way ANOVA followed by Bonferroni’s
post hoc test was applied; when variances were unequal, Welch’s
ANOVA followed by Games-Howell post hoc test was used. For
experiments with multiple groups and two independent variables,
two-way ANOVA was performed. Survival analysis was conducted
using the log-rank (Mantel-Cox) test. Data are expressed as the
mean * standard deviation (SD), with error bars representing SD.

Results

CNS administration attenuates LPS-
induced ALI

To investigate the physiological effects of CNS (Figure 1), a
mouse model of LPS-induced ALI was established (Figure 2a). The

Frontiers in Pharmacology

10.3389/fphar.2025.1682523

___________________

Cornuside (CNS)

FIGURE 1
Chemical structure of Cornuside (CNS).

survival rates of each group are presented in Figure 2b. CNS
administration significantly improved the survival of ALI mice
compared with the untreated ALI group. Pulmonary edema was
evaluated by measuring the lung wet/dry (W/D) weight ratio. As
shown in Figure 2c, the W/D ratio was markedly elevated in the ALI
group relative to the control group, indicating severe edema
following LPS challenge. Pretreatment with CNS (25 and
50 mg/kg) significantly lowered the W/D ratio, suggesting
attenuation of pulmonary edema. The open field test was
performed to assess spontaneous locomotion and exploratory
behavior in ALI mice. Mice in the ALI group displayed reduced
horizontal and vertical activity, whereas CNS-treated mice showed a
dose-dependent improvement in horizontal movements (Figures
2d,e). Although vertical activity did not differ significantly between
the ALI and CNS-treated groups, a trend toward increased rearing
was observed (Supplementary Figure S2). Histological analyses
further supported the protective effect of CNS. Macroscopic and
histopathological evaluations revealed that LPS caused pronounced
pathological changes, including inflammatory cell infiltration and
disruption of alveolar architecture, whereas CNS treatment
markedly ameliorated these lesions (Figures 2f,g). In addition,
BALF protein concentration-an indicator of pulmonary vascular
permeability-was significantly increased in the ALI group but was
substantially reduced by CNS treatment (Figure 2h), indicating
integrity.  Collectively, these
demonstrate that CNS administration protects against LPS-

improved  barrier findings

induced ALI by reducing pulmonary inflammation and edema.

The potential mechanism of CNS in LPS-
induced ALl

Based on these findings, CNS administration was confirmed to
alleviate LPS-induced ALI. To further explore the underlying
mechanisms and identify genes significantly regulated by CNS
during LPS challenge, RNA-sequencing analysis was performed on
lung tissues. Functional enrichment analysis was conducted using the
R package clusterProfiler (v4.6.1), with Gene Ontology (GO)
enrichment performed via the enrichGO function. The complete
list of significantly enriched GO terms, along with gene counts and
adjusted P values, is provided in Supplementary Tables S1, S2. As
shown in Figure 3a, Gene Ontology (GO) biological process analysis
revealed that differentially expressed genes (DEGs) in the model
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FIGURE 2

CNS administration attenuates LPS-induced ALI. (a) Schematic illustration of the experimental design in mice. (b) Survival curves of mice
intratracheally injected with LPS (10 mg/kg) with or without CNS treatment (25 or 50 mg/kg; n = 15 per group). (c) Lung wet-to-dry weight ratio (n = 6 per
group). (d,e) Open field test assessing the locomotor activity of mice; red dots indicate starting points and black dots indicate ending points.
Quantification of horizontal activity is shown (n = 6 per group). (f,g) Representative images of lung tissue stained with H&E and corresponding
inflammation scores. Red arrowheads indicate inflammatory cell infiltration or alveolar hemorrhage and blue arrowheads indicate alveolar structural
damage (n = 6 per group). Scale bar, 100 pm (h) Total protein concentration in bronchoalveolar lavage fluid (BALF) was measured (n = 6 per group). Data
are presented as mean + SD. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

group were significantly enriched in pathways associated with
oxidative stress regulation, oxidative stress-induced cell death,
cellular response to oxidative stress, positive regulation of the acute
inflammatory response, and NLRP3 inflammasome complex
assembly compared to the control group. Importantly, CNS
treatment largely reversed these alterations. Gene Set Variation
Analysis  (GSVA)  further  demonstrated that  multiple
inflammation-related ~pathways, including the NF-kappa B
signaling pathway, TNF signaling pathway, Cytokine-cytokine
receptor interaction, and Toll-like receptor signalling pathway,
were strongly activated in the model group. Notably, CNS
treatment markedly downregulated these inflammatory pathways
relative to the model group, suggesting a key role for CNS in
suppressing the inflammatory response (Figure 3b).
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CNS inhibits alveolar inflammatory cell
aggregation and expression of
inflammatory factors

Alveolar macrophages-the most abundant innate immune cells
in the distal lung parenchyma-play pivotal roles in maintaining
homeostasis, defending against pathogens, and orchestrating both
the initiation and resolution of pulmonary immune responses
(Zhang et al, 2025). F4/80, a well-established macrophage
marker, was used to identify alveolar macrophages. Compared
with  the group, the of F4/80-positive
macrophages was markedly increased in the model group, and

control number

this increase was reversed by CNS treatment. Morphological

observation revealed pronounced swelling of alveolar
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neutrophil
substantially

macrophages in the model group, with cell sizes two to three times aggregation in

larger than those in controls, pale cytoplasm and, in some cases, diminished

the
following

model which was

group,

CNS  administration

indistinct cell-membrane boundaries; these pathological alterations
were alleviated by CNS administration (Figures 4a,b). ELISA and
immunohistochemistry showed that IL-1p levels in lung tissue were
significantly elevated in the LPS group, whereas CNS treatment
reduced IL-1B levels in BALF in a dose-dependent manner
(Figure 4c). Immunofluorescence analysis further demonstrated
that caspase-1 pl0 expression was markedly upregulated in the
lungs of the model group, and this increase was effectively
suppressed by CNS treatment (Figures 4d.e). Ly6G, a key
neutrophils surface marker, was used to evaluate neutrophil
infiltration. Immunohistochemical analysis revealed significant
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(Figure 4f). In addition, Western blot analysis showed increased
expression of the cleaved form of gasdermin D (GSDMD-N) in the
model group, whereas CNS treatment significantly reduced
GSDMD-N levels (Figures 4g,h).

CNS inhibits pyroptosis in vitro
Pyroptosis, a form of inflammatory programmed cell death,

plays a critical role in the innate immune response and contributes
to the progression of numerous inflammatory diseases. This process
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FIGURE 4

CNS inhibits alveolar inflammatory cell aggregation and expression of inflammatory factors. (a,b) Immunohistochemical staining of F4/80 in lung
tissues and quantification of alveolar macrophages. Six randomly selected fields per sample were analyzed (n = 6 per group). Scale bar, 100 um. (c)
Cytokine (IL-1f) concentrations measured in BALF (n = 6 per group). (d,e) Confocal microscopy images of lung tissues stained for caspase-1 p10 and
counterstained with Hoechst. Quantification of relative fluorescence intensity of caspase-1 p10 (n = 6 per group). Scale bar, 50 um. (f)
Immunohistochemical staining of Ly6G in lung tissues. Scale bar, 25 um (g,h) Western blot analysis of GSDMD expression levels in lung tissues (n = 3 per
group). Data are presented as mean + SD (**P < 0.01, ***P < 0.001; ns, not significant).

is characterized by cell swelling, plasma-membrane rupture, and the
release of large amounts of inflammatory mediators, thereby
amplifying inflammation (Jiang et al, 2023). In the mouse ALI
model, CNS markedly improved the abnormal morphology of
pulmonary macrophages. We therefore examined the effects of
CNS on pyroptosis in vitro. To evaluate the potential protective
effect of CNS, a CCK-8 assay was first used to assess the cytotoxicity
of various CNS concentrations on the mouse macrophage cell line
J774A.1 at 12 and 24 h. Based on these results, low-toxicity
concentrations (10 uM, 20 pM, and 40 uM) were selected for
subsequent experiments (Supplementary Figure S3a,b). Light-
microscopy observations revealed that BMDMs displayed typical
pyroptotic features after stimulation with LPS-ATP or LPS-
nigericin, including cell swelling, membrane blebbing, and, in
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severe cases, complete membrane rupture and cell disintegration.
Notably, CNS treatment markedly alleviated these morphological
changes in BMDMs (Figures 5a-d). Consistent with these findings,
CNS significantly suppressed LDH release induced by ATP and
nigericin stimulation compared with the model group (Figures 5e,f),
indicating reduced membrane damage. Propidium iodide (PI)
staining was then used to quantify membrane integrity. PI is a
fluorescent dye that penetrates cells with compromised membranes
and binds to double-stranded DNA, emitting red fluorescence; thus,
PI-positive cells indicate membrane disruption and pyroptotic
death. As shown in Figures 5gh, the proportion of PI-positive
J774A.1 cells was markedly increased in the LPS + ATP group
relative to controls, whereas CNS treatment reduced the percentage
of PI-positive cells in a dose-dependent manner. Similar trends were
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observed in BMDMs stimulated with ATP or nigericin, where CNS

likewise decreased the proportion of Pl-positive cells
S4c,d).  Furthermore, Western blot

analysis demonstrated that CNS treatment significantly reduced

(Supplementary Figure

the expression of cleaved gasdermin D (GSDMD-N) in cells
stimulated with ATP or nigericin compared with the model
group (Figures 5i-1), further supporting the inhibitory effect of
CNS on pyroptosis.

CNS attenuates NLRP3 inflammasome
activation in vitro

Upon activation, the NLRP3 inflammasome promotes the
cleavage of pro-IL-13 and GSDMD by activated caspase-1

Frontiers in Pharmacology

(caspase-1 pl0), generating mature IL-1p and the active
GSDMD-N fragment. GSDMD-N subsequently forms pores in
the plasma membrane, facilitating the release of inflammatory
mediators and triggering pyroptotic cell death. Because our
previous morphological and molecular analyses showed that CNS
inhibited ~GSDMD-N
morphology, we next examined whether CNS also modulates

expression and improved cellular
upstream NLRP3 inflammasome activation in vitro. Western blot
analysis was performed to detect the expression levels of cleaved
caspase-1 (caspase-1 pl0) in the culture supernatants of
J774A.1 cells and BMDMs, as well as the levels of pro-caspase-1,
NLRP3, and ASC in cell lysates, to assess the regulatory effect of CNS
on inflammasome activation. In J774A.1 cells, stimulation with LPS-
ATP markedly induced NLRP3 expression and also promoted the

release of caspase-1 pl0 into the culture supernatant (Figures 6a,b;
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Immunofluorescence images showing the subcellular distribution of ASC (green) in BMDMs. Nuclei were counterstained with Hoechst 33,342
(blue); arrowheads indicate ASC specks. Scale bar, 20 um. Quantification of ASC specks was performed from six random fields (one field per well) (n =
6 per group). Data are presented as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant).

Supplementary Figure S4a-c). Notably, CNS treatment significantly
reduced the release of cleaved caspase-1 in a concentration-
dependent BMDMs,
stimulation robustly activated the inflammasome, as evidenced by
elevated NLRP3 levels in the lysates and increased cleaved caspase-1

manner. Similarly, in LPS-nigericin
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in the supernatant, whereas CNS treatment effectively suppressed
caspase-1 cleavage and release under stimulation conditions
(Figures 6¢,d; Supplementary Figure S4d-f). Consistent with these
results, CNS treatment also reduced IL-1( secretion induced by
NLRP3 activators, as measured by ELISA (Figures 6e,f). ASC, a key
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peroxidase (GSH-PX) levels using a GSH assay kit (n = 5 per group). (e-k) Western blot analysis of IL-1f, NLRP3, Keap1, Nrf2, GPX4, and NQO1 expressionin

lung tissues (

= 3 per group). (1) Immunofluorescence analysis showing Nrf2 expression and nuclear translocation. scale bar, 50 ym. Data are

presented as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant).

adaptor for inflammasome

that recruit and activate downstream signaling components.

Concordant with its
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activation, CNS treatment markedly reduced ASC speck
formation in LPS-primed BMDMs stimulated with ATP or
nigericin (Figures 6g—j). Collectively, these findings suggest that
CNS effectively attenuates NLRP3 inflammasome activation.
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CNS regulates the Keapl-Nrf2 pathway and
reduces oxidative stress in the lungs

Although numerous stimuli are known to activate the
NLRP3 inflammasome, direct ligand binding to NLRP3 has not
been demonstrated (Chen and Chen, 2018). Instead, activation is
generally thought to occur through common upstream signaling
events within the cell. Reactive oxygen species (ROS), generated by
enzymes such as myeloperoxidase (MPO), are key contributors to
NLRP3 inflammasome activation. To determine whether CNS
modulates oxidative stress in LPS-induced ALI, MPO expression
was assessed by immunohistochemistry. As shown in Figures 7a,b,
MPO expression was significantly elevated in the lungs of the model
group, whereas CNS treatment dose-dependently reduced MPO levels.
Malondialdehyde (MDA), a terminal product of lipid peroxidation
formed when ROS attack polyunsaturated fatty acids, serves as a reliable
indicator of oxidative stress. As depicted in Figure 7c, MDA content in
lung tissue was markedly increased in the model group, whereas CNS
treatment significantly attenuated this increase. In parallel, GSH-PX, a
key antioxidant enzyme that eliminates ROS and maintains redox
significantly CNS treatment
(Figure 7d), indicating enhanced antioxidant capacity. Given the
central role of the Keapl-Nrf2 pathway in regulating cellular
antioxidant responses, we next evaluated the effect of CNS on this

homeostasis, was increased by

pathway. Under oxidative stress, activation of the Keapl-Nrf2 axis
allows Nrf2 to translocate into the nucleus, where it drives transcription
of downstream antioxidant genes such as glutathione peroxidase 4
(GPX4) and NAD(P)H quinone dehydrogenase 1 (NQOL1), thereby
mitigating ROS-mediated activation of the NLRP3 inflammasome.
Western blot analysis confirmed that CNS treatment increased
Nrf2 and its downstream antioxidant proteins GPX4 and NQOI in
lung tissue, accompanied by a reduction in Keapl expression (Figures
7e-k). Immunofluorescence further demonstrated that CNS enhanced
both Nrf2 expression its nuclear translocation (Figures 7lm).
Collectively, these findings indicate that CNS reduces oxidative stress
in LPS-induced lung injury by strengthening antioxidant defenses
through activation of the Keapl-Nrf2 signaling pathway.

Discussion

ALI and its severe form, acute respiratory distress syndrome
(ARDS), are life-threatening respiratory disorders characterized by
excessive inflammation, epithelial barrier disruption, pulmonary
edema, and respiratory dysfunction, posing a major clinical
challenge (Cai et al,, 2025; Gu et al,, 2024). To date, no specific
or highly effective pharmacological therapy has been identified, and
current treatments remain largely supportive, underscoring the
urgent need for novel therapeutic strategies (Verma et al., 2025).
In the present study, we demonstrate for the first time that CNS, an
iridoid glycoside from C. officinalis, improves survival and alleviates
pulmonary edema, inflammation, and locomotor deficits in LPS-
induced ALL establishing CNS as a promising natural compound for
inflammatory lung injury.

Alveolar macrophages, which reside within the alveolar
airspaces and are closely associated with the lung epithelium,
play a crucial role in maintaining pulmonary homeostasis by
clearing cellular debris and and resolving inflammation (Kumar,

Frontiers in Pharmacology

12

10.3389/fphar.2025.1682523

2020). Under pathological conditions, however, dysregulated
activation of these cells drives the development and progression
of ALl (Ne et al, 2019). Instead of promoting resolution,
overactivated alveolar macrophages produce excessive pro-
inflammatory cytokines, thereby amplifying lung inflammation,
disrupting the alveolar-capillary barrier, and exacerbating tissue
injury (Jin et al,, 2020; Hu et al., 2021; Wu et al, 2021). In our
study, F4/80 staining revealed that alveolar macrophages in the
model group were markedly swollen, exhibiting enlarged cell size,
pale  cytoplasm,
morphological changes that were effectively reversed by CNS
RNA-seq findings, these
observations suggested that the alveolar macrophages might have

and indistinct membrane boundaries-

treatment. Combined with our
undergone pyroptosis. During pyroptosis, activated caspase-1
cleaves gasdermin D (GSDMD), a 242-amino-acid protein with
an N-terminal pore-forming domain (GSDMD-N) and a C-terminal
(GSDMD-C). The released GSDMD-N
translocates to the plasma membrane, forms pores, and disrupts

inhibitory domain

membrane integrity, leading to cell swelling and the release of pro-
inflammatory cytokines (Ding et al, 2016; Qiu et al, 2017).
Consistent with this mechanism, our biochemical data show that
CNS markedly reduces IL-1p release, caspase-1 pl0 formation,
GSDMD cleavage, and ASC speck assembly both in vivo and
in vitro, indicating effective inhibition of NLRP3 inflammasome
activation and pyroptotic cell death. These findings are consistent
with previous work identifying the NLRP3 inflammasome as a
central driver of ALI pathogenesis.

Our transcriptomic and biochemical data also indicate that CNS
alleviates oxidative stress while suppressing NLRP3 inflammasome
activation. These findings fit well with a broader network of redox-
sensitive inflammatory signaling that has been described in LPS-
induced models. Previous studies have shown that pathways such as
TLR4, NF-kB, p38 MAPK, and P2X7 receptor signaling lie upstream of
both inflammasome activation and intrinsic apoptosis, while anti-
oxidative defenses (Nrf2, HO-1, Bcl-2) counteract these signals (Ulas
etal,, 2025; Shen et al,, 2024; Ozkanlar et al., 2025; Huang et al., 2020). In
particular, TLR4 activation by LPS triggers NF-kB signaling, driving the
transcription of pro-inflammatory cytokines such as TNF-a, IL-1p, and
IL-6. This inflammatory cascade not only promotes ROS production
through mitochondrial and NADPH oxidase pathways but also
provides upstream signals for NLRP3 inflammasome assembly
(Ozkanlar et al.,, 2025; Shen et al., 2021; Zhou et al., 2023). Excessive
ROS, in turn, feeds back to further activate NF-kB and facilitates
P2X7 receptor-mediated potassium efflux, both of which potentiate
NLRP3 activation and pyroptotic cell death. Conversely, the Keapl-
Nrf2 antioxidant axis acts as a critical counter-regulatory pathway.
Under oxidative stress, Nrf2 escapes Keap1 repression and translocates
to the nucleus, inducing HO-1 and other antioxidant enzymes (such as
GPX4 and NQO1) (Zhang J. et al., 2022; Baird and Yamamoto, 2020).
Activation of this pathway reduces intracellular ROS, thereby indirectly
suppressing NF-kB activity, limiting NLRP3 activation, and dampening
downstream cytokine release. Importantly, the reduction in ROS also
impacts apoptotic signaling. Mitochondrial ROS accumulation can
lower anti-apoptotic Bcl-2 levels, enhance Bax translocation, and
activate caspase-3/9, driving intrinsic apoptosis (Ozkanlar et al.,
2025; Yang R et al, 2022). In our study, CNS treatment dose-
dependently reduced MPO and MDA levels while increasing GSH-
PX activity in lung tissue, indicating attenuation of oxidative stress.
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Moreover, CNS activated the Keapl-Nrf2 pathway by promoting
Nrf2 expression and nuclear translocation, thereby upregulating
NQOI. Although
apoptosis was not directly assessed in this work, our transcriptomic
data suggest that CNS may also attenuate pro-apoptotic signaling.
Together with the observed suppression of pyroptosis, these findings

downstream antioxidant proteins such as

raise the possibility that CNS mitigates ALI by dampening multiple
forms of programmed cell death through its antioxidant and anti-
inflammasome effects.

Pharmacological activation of Nrf2 has emerged as a
therapeutic approach for sepsis-induced ALI. CNS shares this
antioxidant mechanism but offers the additional advantage of
suppressing NLRP3 inflammasome activation, suggesting a dual
mechanism that may provide broader protection. Importantly,
CNS is a naturally occurring compound with a favorable safety
profile in traditional wuse, which may facilitate future
translational development. In addition, several limitations
should be acknowledged. First, only male C57BL/6] mice were
used; sex-dependent pharmacological responses remain to be
evaluated. Second, apoptosis and other forms of cell death such
as ferroptosis were not directly measured, and mechanistic links
inferred from transcriptomics require experimental validation.
Third, pharmacokinetic and dose-response studies are needed
to guide clinical translation. Despite these limitations, our
findings provide a mechanistic framework and preclinical
evidence for CNS as a potential therapy for ALI and possibly
other oxidative stress-related lung diseases, including severe
COVID-19.

In conclusion, we provide compelling evidence that CNS
protects against LPS-induced ALI by attenuating oxidative stress
and suppressing NLRP3 inflammasome activation via activation of
the Keapl-Nrf2 pathway. Through these anti-inflammatory and
anti-oxidative actions, CNS may also indirectly limit apoptosis.
These results elucidate the molecular basis underpinning the
anti-inflammatory effects of CNS and lay a scientific foundation
for its future development in ALI-and potentially in other oxidative
stress-and inflammasome-related diseases.
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