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Abstract: Background: Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) is a severe inflammatory 

disease with high incidence and mortality rates. The traditional Chinese medicine Platycodon grandiflorus decoction (PGD) 

exerts protective effects against lipopolysaccharide (LPS)-induced ALI via the PI3K/AKT/NF-κB pathway, but its 

underlying molecular mechanisms require further elucidation. Objectives: This study aimed to investigate the molecular 

mechanism underlying the protective effects of PGD against LPS-induced ALI. Methods: In-vivo experiments employed 

an LPS-induced ALI mouse model to assess PGD's therapeutic potential. Complementary in-vitro studies examined the 

molecular mechanisms of PGD-enriched serum using human pulmonary epithelial (A549) and microvascular endothelial 

(HPMEC) cell lines. Nrf2 involvement in PGD-mediated protection was verified through siRNA-mediated gene silencing 

and subsequent functional validation. Results: Both in-vitro and in vivo analyses demonstrated that PGD effectively 

protects pulmonary tissues from LPS-induced damage. PGD administration notably enhanced Nrf2 nuclear translocation 

and decreased Keap1 expression at the protein and transcriptional levels, while promoting the expression of HO-1 and 

NQO1 biomarkers. Notably, Nrf2 gene silencing abolished PGD's therapeutic effects, including its anti-apoptotic 

properties. Conclusions: PGD's therapeutic efficacy in LPS-induced ALI is mediated through modulation of the 

Keap1/Nrf2/ARE signaling pathway. 
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INTRODUCTION 
 

ALI/ARDS remains a life-threatening condition with high 

incidence and fatality rates, drawing global attention to the 

urgent need for improved therapeutic strategies to enhance 

clinical outcomes (Dhar et al., 2021). With the evolution of 

therapeutic approaches for ALI/ARDS management, 

contemporary scientific research has shifted focus from 

traditional pharmaceutical development to the exploration 

of preventive pharmacological agents and dietary 

supplements (Li and Pauluhn, 2017; Cong, 2024). 
 

PGD is a well-established traditional Chinese medicine 

known for its detoxification and lung-moisturizing 

properties (Liu et al., 2024). First documented in the 

medical classic "Shang-han-lun," PGD has long been used 

to treat lung diseases (Wu et al., 2023). The formula 

consists of two herbs: P. grandiflorus (Jacq.) A. DC. 

(Campanulaceae) and Glycyrrhiza uralensis Fisch. 

(Leguminosae), combined in a 1:2 ratio for disease 

treatment (Xu et al., 2022). Both plants are also used in 

daily tea preparations. 
 

ALI is a severe respiratory condition characterized by 

uncontrolled lung inflammation (cytokine storm) due to 

massive leukocyte infiltration (Li et al., 2023; Jiang et al., 

2023). This intense inflammatory response, driven by 

activated immune cells, generates excess reactive oxygen 

species (ROS) that overwhelm cellular antioxidant 

defenses. The resulting oxidative stress damages the 

pulmonary capillary endothelium and alveolar epithelium 

(Shi et al., 2023). The disruption of the blood-gas barrier, 

consisting of pulmonary microvascular endothelial cells 

and alveolar epithelial cells, is a hallmark of ALI 

(Ackermann et al., 2024). Respiratory epithelial cells play 

a pivotal role in innate immunity, serving as the primary 

defense against airborne pathogens (Traber and Mizgerd, 

2025). Similarly, vascular endothelial cells contribute 

significantly to pathological processes, including 

inflammation, oxidative damage, structural vascular 

changes and coagulation abnormalities (Kunzmann et al., 

2022). LPS, a component of Gram-negative bacterial 

membranes, is commonly used in experimental models to 

mimic ALI pathophysiology (Chen et al., 2022). During 

pulmonary damage progression, circulating neutrophils are 

recruited to the affected tissue, adhering to the vascular 

endothelial surfaces. These activated neutrophils release 

ROS and cytoplasmic components, further elevating 

oxidative stress markers and impairing endothelial function 

(Alekhmimi et al., 2023). The Keap1/Nrf2/ARE signaling 

axis serves as a critical cellular defense mechanism against 

oxidative stress. Nrf2 is a key transcriptional regulator of 

cytoprotective processes (Lee and Hu, 2020), acting as a 

central mediator in maintaining cellular homeostasis 

during oxidative stress (Ge et al., 2024). Under basal 

conditions, Nrf2 is sequestered in the cytoplasm, bound to 

its anchor protein, Keap1, through a constitutive 

interaction. Upon exposure to oxidative stress, kinase-
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mediated phosphorylation triggers the release of Nrf2 from 

this complex, allowing its translocation to the nucleus. 

Once in the nucleus, activated Nrf2 binds to ARE 

sequences to drive the transcription of phase II 

detoxification enzymes and antioxidant proteins, including 

heme oxygenase-1 (HO-1) and NAD(P)H quinone 

oxidoreductase 1 (NQO1), as demonstrated in recent 

mechanistic studies (Huang et al., 2023). 
 

Recent research into the Keap1/Nrf2/ARE signaling axis 

has highlighted the protective and therapeutic effects of 

various compounds against ALI. Experimental data show 

that ellagic acid mitigates oxidative damage in neuronal 

models of Parkinson's disease by inhibiting Keap1, thereby 

promoting Nrf2 nuclear accumulation and activating the 

synthesis of ARE-driven proteins (Wang et al., 2022). 

Curcumin, known for its broad pharmacological effects, 

including anti-inflammatory, antioxidant and 

immunomodulatory properties (Jiang et al., 2017), 

significantly reduces doxorubicin-induced neurotoxicity 

by modulating autophagy, oxidative stress and 

endoplasmic reticulum homeostasis (Li et al., 2019). 

Andrographolide, a major bioactive compound from 

Andrographis paniculata, protects against oxidative stress 

in chondrocytes. In H2O2-induced damage models, this 

diterpenoid activates the Keap1-Nrf2-ARE pathway, 

promoting cellular proliferation and restoring antioxidant 

enzyme activity impaired by oxidative stress (Liao et al., 

2023). Preliminary phytochemical analysis using ultra-

high-performance liquid chromatography coupled with 

quadrupole time-of-flight tandem mass spectrometry 

(UPLC-Q-TOF-MS/MS) identified 70 distinct constituents 

in the study material. These included 33 flavonoid 

derivatives, such as glycyrrhizin, corianderin and 

bilobalamin, 8 terpenoid compounds, including 

glycyrrhetinic acid, 3 saponin derivatives (platycodonin E 

and D), 6 phenolic acid derivatives, 5 amino acids, 5 

glycosides, 3 phenylpropanoids, 2 alkaloids and 5 

miscellaneous components. Together, these constituents 

may form the pharmacodynamic foundation of PGD (Xuan 

et al., 2024). 
 

Previous studies by our research team have demonstrated 

the anti-inflammatory effects of PGD in experimental 

models. PGD was shown to reduce pro-inflammatory 

cytokines, such as tumor necrosis factor-α (TNF-α), 

interleukin-1β (IL-1β) and interleukin-6 (IL-6), in murine 

models of ALI. Additionally, PGD effectively alleviated 

LPS-induced ALI (Xuan et al., 2024). Building on these 

findings, the present study investigates the therapeutic 

potential of PGD against LPS-induced pulmonary damage 

and elucidates its molecular mechanisms through 

modulation of the Keap1/Nrf2/ARE signaling cascade. 
 

MATERIALS AND METHODS 
 

Reagents and antibodies 

LPS and dexamethasone (DEX) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). P. grandiflorus 

(Jacq.) A. DC. and G. uralensis Fisch. were sourced from 

Anhui Minshuntang Chinese Medicine Technology Co. 

(Xianju, China). Primary antibodies against Keap1, Nrf2, 

HO-1 and NQO1, as well as secondary antibodies (HRP-

conjugated goat anti-rabbit IgG(H+L) and goat anti-mouse 

IgG(H+L)), were purchased from Affinity Biosciences 

(OH, USA). β-actin antibodies were sourced from Beijing 

Zhongshan Golden Bridge Biotechnology Co., Ltd. 

(Beijing, China). 
 

Preparation of PGD 

P. grandiflorus (Jacq.) A. DC. and G. uralensis Fisch. (1:2) 

were immersed in a 12-fold volume of aqueous solvent for 

initial extraction. The herbal mixture was subjected to 

sustained thermal treatment until boiling, followed by a 

secondary extraction of the marc using 10 volumes of 

purified water. Both aqueous extracts were pooled, filtered, 

vacuum-concentrated and diluted to prepare graded 

concentrations of JGD solutions (1.95 g/mL, 0.975 g/mL 

and 0.4875 g/mL), corresponding to 39 g/kg, 19.5 g/kg and 

9.75 g/kg body weight of raw herb, respectively (Xuan et 

al., 2024). 
 

Animals 

Male C57BL/6 mice (aged 8–10 weeks, body weight 20 ± 

2 g) were purchased from Ziyuan Experimental Animal 

Technology Co., Ltd. (Hangzhou, China). The mice were 

group-housed (n = 8/cage) in controlled conditions 

(ambient temperature 23 ± 2°C, relative humidity 50 ± 10%) 

under a standardized 12-hour light/dark cycle and 

maintained in specific pathogen-free conditions. 
 

ALI murine model 

The ALI murine model was established using standardized 

protocols (Xuan et al., 2024). The animals were divided 

into six randomized groups based on body weight: control, 

LPS, LPS + DEX (1.17 mg/kg), LPS + PGD-H (39 g crude 

drug/kg), LPS + PGD-M (19.5 g crude drug/kg) and LPS + 

PGD-L (9.75 g crude drug/kg). Both control and LPS 

groups received distilled water via oral gavage (0.2 mL per 

10 g body weight) daily for seven consecutive days. One 

hour after the final dose, animals were anesthetized and 

non-control groups underwent intratracheal LPS 

instillation (5 mg/kg), while control animals received 

equivalent volumes of PBS. Biological specimens (serum 

and lung tissues) were collected post-euthanasia after LPS 

exposure. 
 

Wet/dry (W/D) ratios 

Freshly excised pulmonary tissues were immediately 

subjected to gravimetric analysis of the left upper lobe's 

wet weight to minimize moisture loss. Subsequently, 

tissues were dried in a 60°C convection oven until a 

constant dry weight was achieved. The wet-to-dry weight 

ratio was calculated as a quantitative indicator of interstitial 

fluid accumulation in the lungs. 
 

Histopathological examination  

Lung specimens were fixed in 4% paraformaldehyde for at 
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least 48 hours, then subjected to sequential ethanol 

dehydration and paraffin embedding. Thin sections (4 μm) 

were prepared and stained using the hematoxylin-eosin (H 

and E) protocol. Microscopic analysis was performed to 

assess morphological changes in pulmonary architecture. 

 

Preparation of PGD-containing serum 

A cohort of forty male C57BL/6 mice was randomly 

allocated into two experimental groups: a control serum 

group (n = 10) and a PGD-supplemented serum group (n = 

30). The PGD-treated group received daily oral 

administration of PGD suspension (39 g/kg body weight) 

for seven consecutive days, while control mice were 

administered equivalent volumes of aqueous solvent. Six 

hours after the final treatment, blood samples were 

collected and processed using sequential protocols: initial 

refrigeration at 4°C for 2 hours, followed by centrifugation 

(3000 rpm, 20 minutes) to isolate cell-free serum. 

Supernatants from each group were pooled, sterile-filtered 

through 0.22 μm membranes, heat-inactivated at 56°C for 

30 minutes and then cryopreserved at -20°C after aliquot 

preparation. 

 

Cell culture 

Human non-small cell lung cancer cells (A549, Bluefcell, 

Shanghai, China) were cultured in Ham's F-12K medium 

(Procell, Wuhan, China) supplemented with 10% heat-

inactivated fetal bovine serum (Procell) and 1% penicillin-

streptomycin solution (Wisent, Nanjing, China), with 

routine incubation at 37°C in a 5% CO2 atmosphere. 

Human Pulmonary Microvascular Endothelial Cells 

(HPMEC, Procell) were cultured in Dulbecco's modified 

Eagle's medium (DMEM, Wisent, Nanjing, China), 

supplemented with 10% heat-inactivated FBS and 1% 

penicillin-streptomycin, under identical culture conditions. 

 

Before experimental treatments, all cell lines were 

preconditioned for 24 hours with varying concentrations of 

PGD-supplemented serum, followed by a 12-hour LPS 

stimulation as per experimental design requirements.  

 

Cell viability assay  

Cell viability was assessed using the Cell Counting Kit-8 

(CCK-8, Biosharp, Hefei, China). HPMEC cells were 

seeded into 96-well plates at a density of 1 × 104 cells/well 

and exposed to different concentrations (0%, 2%, 5%, 10%, 

15%, 20%) of PGD-supplemented or control serum for 24 

hours. Concurrently, A549 cells were cultured in 96-well 

plates at 5 × 104 cells/well and treated with equivalent 

serum concentrations (0%, 2%, 5%, 10%, 15%, 20%). 

After 24 hours, 10 μL of CCK-8 solution was added to each 

well, followed by incubation at 37°C for 90 minutes. 

Optical density was measured at 450 nm to assess cell 

viability. 

 

Additionally, cells were exposed to varying concentrations 

of LPS (0, 0.1, 0.5, 1, 5 µg/mL) for treatment periods of 6, 

12 and 24 hours. After treatment, 10 μL of CCK-8 reagent 

was added to each well, followed by incubation under 

standard conditions. Optical density at 450 nm was 

recorded to calculate cellular viability, allowing 

determination of the optimal LPS treatment parameters 

through data analysis. 

 

Determination of MDA, SOD and GSH-PX levels 

Malondialdehyde (MDA) concentration, along with the 

enzymatic activities of superoxide dismutase (SOD) and 

glutathione peroxidase (GSH-PX), were quantified using 

commercial assay kits (Nanjing Jiancheng Bioengineering 

Institute, Jiangsu, China) according to standardized 

protocols for both in-vitro and in-vivo studies. 

 

Detection of ROS  

A549 and HPMEC cell lines were cultured in 24-well 

plates for 24 hours. After treatment, cells were harvested, 

rinsed three times with PBS and incubated with 10 μM 

dichlorodihydrofluorescein diacetate (DCFH-DA, 

Jiancheng, Nanjing, China) under light-protected 

conditions for 20 minutes. After three additional PBS 

washes to remove excess probe, cellular fluorescence 

signals were captured using a microscopic imaging system. 

 

Immunofluorescence staining 

Following a 24-hour incubation, A549 and HPMEC cell 

lines were plated in 24-well culture plates. The cells were 

fixed using 4% paraformaldehyde solution at 37°C for 20 

minutes. Membrane permeabilization was performed with 

0.5% Triton X-100 for 30 minutes, followed by three PBS 

washes. Blocking was achieved with 2% bovine serum 

albumin for 60 minutes at 37°C. Primary antibodies were 

incubated overnight at 4°C, followed by PBS rinsing and a 

2-hour exposure to fluorescent secondary antibodies at 

37°C. Nuclear visualization was performed using 4',6-

diamidino-2-phenylindole (DAPI, Beyotime, Shanghai, 

China) staining and the slides were mounted with anti-fade 

mounting medium for fluorescence microscopy. 

 

siRNA transfection 

A549 and HPMEC cells were transfected with siRNA 

using the riboFECTTM CP Transfection Kit (Ribobio, 

Guangzhou, China) according to the supplier's instructions. 

Cells were transfected with either Nrf2-targeting siRNA or 

scrambled control siRNA for 48 hours. After transfection, 

the medium was replaced with standard culture medium. 

Cellular RNA from each treatment group (Table S1) was 

isolated and Nrf2 mRNA levels were measured using RT-

qPCR to determine the most effective siRNA sequence. 

 

Real-time quantitative PCR (RT-qPCR) analysis 

Total RNA was extracted from pulmonary tissue and cell 

samples using Trizol reagent, followed by cDNA synthesis 

using the Biosharp kit according to the manufacturer’s 

instructions. The RT-qPCR protocol involved an initial 

95°C denaturation for 2 minutes, followed by 40 cycles of 
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denaturation at 95°C for 15 seconds and 

annealing/extension at 60°C for 30 seconds, with a melting 

curve analysis from 60°C to 95°C. Quantitative data were 

represented as cycle threshold (C.T.) values normalized to 

β-actin, with differential expression calculated using the 2-

ΔΔCt method. Specific primer sequences are listed in table 

S2. 
 

Western blot analysis 

Total protein was isolated from pulmonary tissue and cell 

lysates using RIPA lysis buffer. Protein concentrations 

were measured using a BCA assay kit (Beyotime) before 

loading equal amounts onto SDS-PAGE gels for 

electrophoretic separation. Separated proteins were 

transferred onto PVDF membranes and blocked for 2 hours. 

Membranes were incubated overnight at 4°C with primary 

antibodies targeting Keap1, Nrf2, HO-1, NQO1 and β-actin. 

After primary antibody incubation, membranes were 

probed with HRP-conjugated secondary antibodies (Goat 

anti-rabbit or anti-mouse IgG(H+L)) and developed using 

ECL chemiluminescent substrate (Beyotime). Quantitative 

analysis was performed by normalizing the target protein 

expression to β-actin levels and measuring the grayscale 

intensities using ImageJ software. 
 

Apoptosis assay  

Cell apoptosis was evaluated using the Annexin V-FITC 

Detection Kit (Beyotime, Shanghai, China) according to 

standard protocols. After two washes with cold PBS, cell 

suspensions were prepared at a concentration of 1 × 106 

cells/mL. The samples were stained with 5μL FITC 

annexin V and 5 μL propidium iodide (PI) and incubated in 

the dark at 4°C for 15 minutes. Flow cytometric analysis 

was performed on a BD LSRFortessa system (Franklin 

Lakes, NJ, USA), with data analysis conducted using 

Flowjo10 software. 
 

Statistical analysis  

Quantitative data are presented as mean ± standard 

deviation. Group comparisons were performed using 

GraphPad Prism 9.5 (CA, USA) software, applying 

appropriate statistical tests such as one-way ANOVA and 

two-tailed Student's t-test. A P-value of < 0.05 was 

considered statistically significant. 
 

RESULTS 
 

PGD attenuates inflammation and oxidative stress and 

regulates Keap1/Nrf2/ARE pathway in LPS-induced 

ALI mice 

The effects of PGD administration on LPS-induced 

pulmonary injury were systematically evaluated. The 

results are summarized in fig. 1. Histopathological analysis 

using H&E staining revealed significant pulmonary 

damage following LPS exposure. Compared to control 

specimens, this damage was characterized by interstitial 

edema, a marked accumulation of neutrophils and 

pronounced thickening of the alveolar septa. Therapeutic 

interventions with varying doses of PGD (9.75 mg, 19.5 

mg, or 39 mg of crude drug/kg) and DEX alleviated 

pulmonary damage in a dose-dependent manner. This was 

evidenced by reduced tissue edema, decreased leukocyte 

infiltration and restored alveolar septal structure (Fig. 1a) 

Quantitative analysis showed a significant increase in the 

pulmonary wet-to-dry weight ratio after LPS challenge 

(Fig. 1b). Both histopathological scoring and hydrostatic 

measurements confirmed a significant reduction in 

pulmonary injury compared to the LPS-treated group. PGD 

pretreatment effectively decreased lipid peroxidation 

(MDA levels), increased GSH-PX levels and restored SOD 

activity in both pulmonary tissue and systemic circulation 

(Figs. 1c-1h). These results suggest that PGD pretreatment 

provides protective effects against LPS-induced ALI by 

enhancing antioxidant defenses and modulating 

inflammatory responses. 

 

Comparative analysis revealed a significant upregulation 

of Nrf2, HO-1 and NQO1 transcriptional activity in both 

the PGD-H (39 g/kg) and DEX groups (P < 0.05). The 

expression of these markers increased progressively with 

the PGD concentration (Figs. 1i-1l). Experimental data 

indicated that PGD intervention effectively inhibited 

Keap1 protein synthesis, while also upregulating Nrf2, 

NQO1 and HO-1 expression compared to the LPS-

challenged group. These results provide mechanistic 

evidence for PGD's activation of the Keap1/Nrf2/ARE 

regulatory network (Fig. 1m, Figs. S1a-S1d). 

 

PGD-containing serum pretreatment modulated the 

Keap1/Nrf2/ARE signaling pathway and protected 

against LPS-induced injury 

Experimental data from CCK-8 assays revealed that serum 

containing PGD at various concentrations (0%, 2%, 5%, 

10%, 15%, 20%) did not exhibit significant cytotoxicity 

(Figs. S2a and S2b). Notably, cellular viability was 

significantly reduced in both HPMEC and A549 cell lines 

when exposed to 20% PGD-containing serum. Based on 

these results, three experimental groups were established 

for further investigations: 15% PGD as the high-

concentration treatment, with 10% and 5% serving as 

intermediate and low concentrations, respectively. The 

CCK-8 analysis also identified the optimal experimental 

parameters: a 12-hour exposure duration at 1 μg/mL, which 

was adopted for all subsequent studies (Figs. S2c and S2d). 

 

ROS are critical mediators of cellular damage mechanisms 

in ALI. Under normal physiological conditions, ROS are 

involved in essential cellular signaling and defense 

processes. However, excessive ROS production can lead to 

macromolecular degradation, including oxidative 

modifications of proteins, lipid peroxidation and DNA 

strand breaks (Escobar et al., 2024). Oxidative stress has 

been confirmed as a central factor in the pathogenesis of 

ALI (Wang et al., 2024).  
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In the present study, the therapeutic serum with 15% PGD 

significantly enhanced antioxidant defenses, evidenced by 

decreased MDA levels, increased GSH-PX concentrations 

and restored SOD enzymatic activity (Figs. 2a-2f). LPS-

activated cells showed a significant increase in ROS levels, 

which was effectively mitigated by PGD treatment, as 

demonstrated by immunofluorescence analysis (Figs. 2g-

2i). Quantitative analysis also showed significant nuclear 

translocation of the Nrf2 transcription factor in PGD-

treated groups (P < 0.01). Enhanced fluorescence intensity 

and density indicated increased activation of the 

antioxidant response element (ARE) (Figs. 2j-2l). 

 

Additionally, compared to control conditions, significantly 

elevated Keap1 protein levels were observed in LPS-

treated samples. PGD-containing serum formulations 

exerted concentration-dependent regulatory effects on the 

Keap1/Nrf2/ARE pathway. Specifically, the 15% PGD 

serum group effectively suppressed Keap1 expression 

while enhancing the expression of Nrf2, HO-1 and NQO1, 

compared to LPS-challenged cells. This modulation of the 

pathway underpins the protective effect of PGD against 

LPS-induced cellular damage in both HPMEC and A549 

models (Figs. 2m and 2n, Figs. S3a-S3h). 

 

siNrf2 reversed the anti-lung injury and oxidative stress 

effects of PGD in A549 and HPMEC cells 

To investigate the regulatory mechanisms of the 

Keap1/Nrf2/ARE pathway in mitigating pulmonary 

damage and oxidative stress through PGD, Nrf2 gene 

silencing was performed via transfection. The results 

showed that, compared to cells treated with 15% PGD-

containing serum, the siNrf2-pretreated group exhibited 

significantly increased ROS and MDA levels, along with 

significantly decreased SOD and GSH-PX activities (Figs. 

3a-3f).  

 

Immunofluorescence imaging revealed a marked reduction 

in fluorescence intensity and a decrease in Nrf2 nuclear 

translocation in the gene-silenced group compared to the 

PGD-treated groups (Figs. 3g-3m). These findings 

highlight the essential role of Nrf2 in mediating the 

therapeutic effects of PGD against pulmonary injury and 

oxidative stress. 

 
 

Fig. 1: PGD attenuates inflammation and oxidative stress and upregulates Keap1/Nrf2/ARE pathway in LPS‑induced 

ALI mice. The representative images for the histopathological changes (H & E staining) in the (a) lung tissues, (b) lung 

W/D ratio, (c) MDA, (d) the SOD and (e) GSH-PX activity in lung tissues, (f) the MDA, (g) SOD and (h) GSH-PX 

activity in serum, mRNA levels of Keap1(i), Nrf2(j), HO-1(k) and NQO1(l) mRNA in lung tissue and protein expression 

of Keap1, Nrf2, HO-1 and NQO1 in lung tissue(m).  All data are expressed as mean ± S.D. **p < 0.01 vs. control group, 

#p < 0.05; ##p < 0.01 vs. LPS alone group. 
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RT-qPCR experiments revealed that siNrf2 reversed the 

therapeutic effects of PGD on pulmonary injury and 

oxidative stress in both HPMEC and A549 cells. Screening 

for silencing efficiency identified siRNA-2 (target 

sequence: GCTACGTGATGAAGATGGA) as the most 

effective in silencing Nrf2 expression compared to other 

siRNA variants (Figs. S4a-S4b). 

 

Nrf2 plays a key role in PGD exerting anti-lung injury 

and oxidative stress effects 

RT-qPCR and immunoblotting analyses indicated that, 

compared to the PGD (15%)-enriched serum group, Keap1 

expression at both the transcriptional and translational 

levels was significantly increased, while Nrf2, HO-1 and 

NQO1 were markedly downregulated (Figs. 4a-4j, Figs. 

S5a-S5h). The serum containing 15% PGD significantly 

reduced LPS-induced apoptosis. Comparative analysis 

showed enhanced apoptotic activity in the PGD (15%) + 

siNrf2 group compared to the PGD (15%) group (Figs. 4k-

4m). Genetic inhibition of Nrf2 using siRNA effectively 

negated the protective effects of PGD-enriched serum 

against LPS-induced pulmonary damage. Collectively, 

these results suggest that PGD-infused serum exerts 

therapeutic effects against pulmonary injury and oxidative 

stress by activating the Nrf2 pathway, thereby safeguarding 

the cellular integrity of HPMEC and A549 cells from LPS-

induced cytotoxicity. 

 

DISCUSSION 

 

During pulmonary inflammation, respiratory epithelial and 

vascular endothelial cells collaborate to maintain tissue 

homeostasis and immune balance within the lungs 

(Silwedel et al., 2019). The alveolar structure consists of 

specialized epithelial cells that form an initial barrier 

between external environmental factors and internal 

physiological spaces. Experimental evidence has shown 

that disruption of this protective interface is a critical factor 

in various pulmonary diseases, such as acute respiratory 

distress syndrome and lung trauma (Willems et al., 2013; 

Zhao et al., 2025). Serving as the primary defense 

mechanism against environmental insults, the alveolar 

epithelium is vital for preserving the integrity of the air-

blood barrier (Liu et al., 2023).  

 
 

Fig. 2: PGD-containing serum pretreatment modulated the Keap1/Nrf2/ARE signaling pathway and protected against 

LPS-induced ALI. Detection of (a) MDA, (b) SOD and (c) GSH-PX in HPMEC cell, detection of (d) MDA, (e) SOD and 

(f) GSH-PX in A549 cells, (g) representative ROS staining in HPMEC and A549 cells, ROS fluorescence density in (h) 

HPMEC and (i) A549 cells, (j) nuclear protein expression of Nrf2, fluorescence density analysis of Nrf2 into nuclei in 

(k) HPMEC and (l) A549 cells and protein expression of Keap1, Nrf2, HO-1 and NQO1 protein in (m) HPMEC and (n) 

A549 cells. The data are expressed as mean ± S.D. **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 vs. LPS alone 

group. 

 



Platycodon grandiflorus decoction against lipopolysaccharide (LPS)-induced acute lung injury via Keap1/Nrf2/ARE signaling  

Pak. J. Pharm. Sci., Vol.39, No.11, November 2026, pp.3524-3534 3530 

  

 
 

Fig. 3: siNrf2 reversed the anti-lung injury and oxidative stress effects of PGD in A549 and HPMEC cells. (a-f) Detection 

of MDA, SOD, GSH-PX in siNrf2 HPMEC and A549 cells; (g) representative ROS staining, ROS fluorescence density 

in siNrf2; (h) HPMEC and; (i) A549 cells; (j-k) nuclear protein expression of Nrf2, fluorescence density analysis of Nrf2 

into nuclei in siNrf2; (l) HPMEC and; (m) A549 cells. The data are expressed as mean ± S.D. **p < 0.01 vs. control 

group; #p < 0.05, ##p < 0.01 vs. LPS alone group; ^p < 0.05, ^^p < 0.01 vs. PGD (15%) group. 
 

 
 

Fig. 4: Nrf2 plays a key role in PGD exerting anti-lung injury and oxidative stress effects. (a-d) mRNA levels of Keap1, 

Nrf2, HO-1, (e-h) NQO1 in siNrf2 HPMEC and A549 cells, protein expression of Keap1, Nrf2, HO-1, NQO1 in siNrf2 

(i) HPMEC and (j) A549 cells, cell apoptosis and necrosis distribution in (k) HPMEC and A549 cells and apoptosis rates 

in (l) HPMEC and (m) A549 cells. The data are expressed as mean ± S.D. **p < 0.01 vs. control group; #p < 0.05, ##p < 

0.01 vs. LPS alone group; ^p < 0.05, ^^p < 0.01 vs. PGD (15%) group. 
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The preservation of pulmonary endothelial cells is essential 

for maintaining hemodynamic stability in both pulmonary 

and systemic vascular networks. Pathological alterations in 

lung microvascular endothelial cells, particularly apoptosis, 

are significant contributors to the development of ALI (Wu 

et al., 2020). Alveolar epithelial type II cells (AECII), 

which make up approximately 60% of the alveolar 

epithelial cells and 10-15% of all pulmonary cells, play 

pivotal roles in epithelial maintenance and regeneration. 

The extent of pulmonary damage is closely linked to 

structural and functional impairments in these cells. In 

particular, combined injury to both alveolar capillaries and 

epithelial layers accelerate the pathological progression of 

lung damage (Xu et al., 2020). The A549 cell line, widely 

used as an in vitro model, shares several key biological 

characteristics with native AECII cells (Meldrum et al., 

2022). Recent studies highlight oxidative stress as a central 

mechanism in the pathogenesis of LPS-induced ALI (Al-

Joufi et al., 2024), suggesting that targeting oxidative 

damage and inflammatory cascades may help mitigate 

pulmonary deterioration. Experimental results 

demonstrated that PGD administration effectively 

alleviated oxidative stress. The compound exerted 

protective effects by reducing the severity of pulmonary 

edema and improving histopathological damage in lung 

tissues. Biochemical analysis revealed that PGD 

significantly decreased MDA levels while enhancing the 

enzymatic activities of SOD and GSH-PX. These findings 

suggest that PGD’s mechanism of action likely involves 

regulating the redox balance, inhibiting lipid peroxidation 

and enhancing endogenous antioxidant defenses in lung 

injury models. 

 

The transcription factor Nrf2, encoded by the NFE2L2 

gene, is a member of the CNC family of leucine zipper 

transcription factors (Dinkova and Copple, 2023). As a key 

mediator of the oxidative stress response, Nrf2 regulates 

the balance of intracellular ROS, maintains redox 

homeostasis and protects cells from cytotoxicity induced 

by free radicals (Hsu et al., 2022). Nrf2 activates a range 

of antioxidant defense genes, including NQO1, HO-1, 

thioredoxin reductase 1 and SOD 1, through transcriptional 

regulation via the ARE (Li et al., 2022). Research has 

identified Kelch-like ECH-associated protein 1 (Keap1) as 

a key negative regulator of the Nrf2 pathway, forming the 

Keap1-Nrf2-ARE axis (Ulasov et al., 2022). Under basal 

conditions, Keap1 facilitates the cytoplasmic retention and 

proteasomal degradation of Nrf2 through ubiquitination 

(Meldrum et al., 2022). Nrf2 plays a pivotal role in 

regulating cellular redox balance, iron homeostasis, 

xenobiotic biotransformation and protein quality control 

(Guan et al., 2024; Islam et al., 2023). Experimental data 

show that Nrf2 is highly expressed in the lungs and 

regulates inflammatory responses in pneumonia models. 

 
 

Fig. 5: Mechanism of action of PGD. The symbol”⊥” refers to down-regulation and the symbol “↑” refers to up-

regulation. LPS induces the production of ALI, leading to oxidative stress. When oxidative stress is activated, it promotes 

ROS production while dissociating Nrf2 from Keap1 and transferring it to the nucleus. The incoming Nrf2 binds to the 

ARE to initiate transcription of antioxidant proteins such as HO-1 and NQO1.PGD inhibits ROS production by regulating 

the Keap1/Nrf2/ARE signaling pathway, thereby resisting injury and oxidative stress. 
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Impaired Nrf2 signaling exacerbates lung tissue damage 

during inflammation, while pharmacological activation 

provides organ-protective effects (Murakami et al., 2023; 

Chen et al., 2020). These findings suggest that Nrf2 could 

serve as a potential therapeutic target for respiratory 

diseases (Shakya et al., 2024). 

 

This study utilized both in-vivo and in-vitro approaches to 

investigate the protective mechanisms of PGD against 

pulmonary damage. In animal models, pretreatment with 

orange broth was applied before inducing LPS-induced 

lung injury. In cellular studies, PGD-enriched serum 

pretreatment was conducted before exposing HPMEC and 

A549 cells to LPS. Both experimental models 

demonstrated consistent protective outcomes. 

Immunofluorescence analysis revealed enhanced nuclear 

translocation of Nrf2 following PGD serum administration. 

These results suggest that PGD alleviates oxidative stress 

by modulating the Keap1/Nrf2/ARE pathway, providing 

protection against LPS-induced ALI. Initial mechanistic 

studies imply that PGD regulates this antioxidant pathway 

by upregulating Nrf2 expression and downregulating 

Keap1 levels, thereby activating downstream protective 

genes such as HO-1 and NQO1. As shown in fig. 5, PGD 

exerts protective effects on cellular and tissue structures by 

mitigating oxidative stress-induced damage during 

pulmonary injury events. 

 

The Nrf2 signaling axis presents a paradoxical duality: 

while it protects healthy cells from oxidative stress, it also 

shields malignant cells from therapeutic interventions 

(Gong et al., 2024). This pathway contributes to cancer 

progression by promoting cellular proliferation, metastasis 

and resistance to treatments. Cancers driven by this 

pathway are classified as Nrf2-dependent malignancies 

(Hayashi et al., 2020). Currently, pharmacological 

strategies targeting this pathway remain experimental. In 

chemoprevention research, efforts focus on identifying 

Nrf2 activators and inhibitors of its downstream targets to 

address oxidative stress-related diseases. Emerging 

evidence suggests that precise modulation of Nrf2 

transcriptional activity may reduce its oncogenic potential 

(Liu et al., 2021). siRNA-mediated gene silencing 

demonstrated that Nrf2 knockdown abolished the 

protective effects of PGD-containing serum against ALI, 

confirming its regulatory role in the Keap1/Nrf2/ARE 

pathway in alleviating ALI. 

 

The Keap1/Nrf2/ARE pathway is vital in mitigating 

inflammatory responses and oxidative stress-induced 

damage, while eliminating excess ROS, thereby offering 

therapeutic potential against ALI/ARDS (Tu et al., 2019). 

Our results further demonstrate that PGD administration 

protects against LPS-induced ALI through modulation of 

this signaling cascade. 

While previous studies have characterized the 

phytochemical profile of PGD, the bioactive compounds in 

PGD-containing serum remain unidentified. These 

pharmacologically active components require further 

investigation and validation through subsequent analytical 

studies. 

 

CONCLUSION 

 

This study examined the effects of PGD on LPS-induced 

oxidative stress using both in-vivo and in-vitro approaches. 

The results indicate that PGD administration before LPS 

exposure significantly alleviates cellular damage and 

oxidative stress, showing considerable therapeutic 

potential for ALI. Mechanistic investigations suggest that 

the protective effects of PGD involve the modulation of the 

Keap1/Nrf2/ARE signaling axis. Our preliminary research 

establishes a crucial foundation for future pharmaceutical 

development and clinical applications. These findings not 

only confirm PGD's effectiveness in combating LPS-

induced ALI but also suggest that its beneficial effects are 

linked to the precise regulation of redox-sensitive signaling 

pathways, providing a molecular basis for developing 

novel treatment strategies for ALI. 
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