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Abstract: Background: Paraquat (PQ) poisoning causes acute pulmonary injury via oxidative stress and epithelial-

mesenchymal transition (EMT), with limited treatment options. Objectives: This study investigated whether 

andrographolide (Andro) alleviates PQ-induced lung damage and the underlying mechanisms. Methods: PQ-induced 

pulmonary injury was established in C57BL/6J mice. Animals were assigned to Control, Andro, PQ and PQ +Andro 

groups. Lung pathology, oxidative stress markers (MPO, ROS, MDA, SOD, CAT), EMT markers (E-cadherin, α-SMA), 

and PI3K/Akt/PPARγ pathway proteins were assessed in vivo and in MLE-12 cells, with PI3K inhibition using LY294002. 

Results: Andro significantly improved survival, reduced alveolar injury and collagen deposition, and suppressed oxidative 

stress by downregulating ROS/MDA/MPO and enhancing SOD/CAT. It suppressed EMT by upregulating E-cadherin and 

reducing α-SMA. Andro inhibited PI3K/Akt activation and increased PPARγ expression. LY294002 partially reproduced 

these effects, supporting pathway involvement. Conclusion: Andro mitigates PQ-induced lung damage by limiting 

oxidative stress and EMT via the PI3K/Akt/PPARγ pathway. These findings provide preclinical evidence for its further 

investigation as a candidate protective agent. 
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INTRODUCTION 
 

Paraquat (PQ), a non-selective herbicide, is extensively 

used in agriculture for its rapid action and low cost (Somu 

et al., 2020). However, PQ exerts severe toxic effects on 

humans, causing multi-organ injuries, particularly in the 

lungs, liver, kidneys, and heart (Qin et al., 2024). The lung 

is the primary target because PQ structurally resembles 

polyamines, allowing its uptake and accumulation in 

alveolar epithelial cells, which leads to oxidative damage 

and progressive respiratory failure (Somu et al., 2020). 

Severe lung injury following PQ exposure often results in 

acute respiratory distress and a high risk of mortality. 

Despite advances in supportive care, no effective antidotes 

exist, and the mortality rate remains high (Buckley et al., 

2021; Lekei et al., 2020; Lihua et al., 2023). Therefore, 

elucidating the mechanisms of PQ-induced lung injury and 

exploring potential therapeutic strategies remain urgent 

priorities.  
 

Emerging evidence indicates that epithelial-mesenchymal 

transition (EMT) plays a critical role in PQ-induced 

pulmonary toxicity (Xia et al., 2022; Yi et al., 2021). EMT 

is characterized by loss of epithelial polarity and 

acquisition of mesenchymal phenotypes, with alveolar 

epithelial cells differentiating into myofibroblasts and 

fibroblasts, the principal contributors to pulmonary fibrosis 

(Andugulapati et al., 2020; Lee et al., 2021). During the 

initial stage of acute lung injury, EMT-mediated generation 

of these mesenchymal cells aids in repairing damaged 

epithelium (Marconi et al., 2021). However, excessive 

collagen deposition by these cells eventually leads to 

irreversible pulmonary fibrosis (Spagnolo et al., 2021). In 

parallel, oxidative stress is considered to be another key 

mechanism in PQ-induced pulmonary toxicity, as PQ 

promotes excessive production of reactive oxygen species 

(ROS), causing cellular damage and necrosis (Memarzia et 

al., 2024). Consequently, strategies that target both 

oxidative stress and EMT are considered promising for 

mitigating PQ-induced pulmonary injury. 

 

Andrographolide (Andro), the major bioactive diterpene 

lactone isolated from Andrographis paniculata, is 

recognized for its anti-inflammatory, antiviral, and 

antioxidant properties (Burgos et al., 2020; Kumar et al., 

2020). Previous studies have shown that Andro can protect 

alveolar epithelial cells by reducing oxidative stress and 

inhibiting EMT (Karkale et al., 2018; Li et al., 2020), 

primarily through suppression of ROS generation and 

modulation of antioxidant enzymes such as superoxide 

dismutase (SOD) and malondialdehyde (MDA) 

(Kanazawa et al., 2021; Mussard et al., 2020). However, 

whether Andro can specifically protect against PQ-induced 

pulmonary toxicity and the underlying molecular 

mechanisms remains unclear. Considering the unique *Corresponding author: e-mail: zhangdg18@lzu.edu.cn 



Andrographolide mitigates paraquat-induced pulmonary injury via PI3K/Akt/PPARγ pathway mediated regulation of EMT and  

Pak. J. Pharm. Sci., Vol.39, No.6, June 2026, pp.1679-1689 1680 

pathophysiology of PQ poisoning, marked by excessive 

oxidative stress and EMT-driven fibrosis, it is critical to 

investigate the protective potential of Andro and delineate 

the signaling pathways involved. 
 

Therefore, in this study, we established a mouse model of 

PQ-induced pulmonary injury to investigate whether 

Andro mitigates PQ-induced lung toxicity by regulating 

the EMT process and oxidative stress. Our results 

demonstrate that Andro alleviates oxidative damage and 

suppresses EMT, at least in part through regulation of the 

PI3K/Akt/PPARγ signaling pathway, thereby providing a 

mechanistic link between its pharmacological effects and 

the key pathogenic processes underlying PQ-induced lung 

injury. 
  

MATERIALS AND METHODS  
 

Establishment of a laboratory animal model 

Female C57BL/6J mice (4-6 weeks old, 20 ± 2 g) were 

purchased from the Lanzhou Institute of Veterinary 

Medicine, Chinese Academy of Agricultural Sciences. 

Animals were housed under standard laboratory conditions 

with free access to standard chow and drinking water. 

 

The animals were randomly assigned to either a control 

group (no PQ) or a model group (PQ-induced lung injury). 

Acute lung injury was induced via intraperitoneal injection 

of PQ at 20 mg/kg, a dose validated in previous studies to 

reliably induce pulmonary damage (Zhang et al., 2023). 

Lung tissues were collected 72 hrs post-PQ administration.  

 

To evaluate the effects of Andro, mice were subsequently 

allocated into four groups (n = 10 per group), as follows: 

Control group: received sterile saline intragastrically as a 

vehicle control. Andro group: administered Andro at 50 

mg/kg/d intragastrically for three consecutive days without 

PQ exposure, serving as a drug safety control. PQ group: 

received 20 mg/kg of PQ intraperitoneally with no 

subsequent treatment. PQ+ Andro group: received 20 

mg/kg of PQ intraperitoneally, followed 1 h later by Andro 

(50 mg/kg/day) intragastrically for three consecutive days.  

 

The dosing regimen and timing of Andro administration 

were based on preliminary experiments demonstrating its 

protective efficacy against lung injury (Zhang et al., 2023). 

At 72 hr after PQ administration, all mice were euthanized 

under isoflurane anesthesia, and lung tissues were 

harvested for subsequent analyses.  

 

Lung histopathology analysis 

After tissue collection, lung samples were gently rinsed 

with phosphate-buffered saline (PBS) to remove residual 

blood and fixed in 4% paraformaldehyde (Cat: BL539A) 

(Biosharp, Hefei, China) for 48 hrs. Fixed tissues were 

dehydrated through a graded ethanol series, cleared in 

xylene, and embedded in paraffin. Paraffin blocks were 

sectioned into 5 μm slices, mounted on glass slides, and 

baked at 80°C overnight for complete adhesion. Sections 

were deparaffinized with xylene and rehydrated through a 

descending ethanol series, followed by three PBS (Gibco, 

Carlsbad, CA, USA) washes. Hematoxylin-eosin (HE) and 

Masson’s trichrome staining were performed using 

commercial kits (Solarbio, Beijing, China) according to the 

manufacturer’s instructions. Stained slides were sealed 

with neutral gum mounting medium and examined under 

an inverted microscope (Olympus CKX53, Tokyo, Japan).  

 

For histopathological evaluation, all lung tissue samples 

were randomly coded by independent personnel to conceal 

group allocation. The investigators who performed 

microscopic observation and scoring were blinded to the 

experimental groups. Histological assessment was 

independently conducted by two experienced pathologists 

who were unaware of the study design or treatment 

assignments. 
 

Histopathological evaluation was based on characteristic 

lung injury features, including alveolar congestion, 

hemorrhages, alveolar wall thickening, structural 

destruction, and hyaline membrane formation. The severity 

of lung injury was scored semi-quantitatively on a 5-point 

scale (from 0 to 4), with 0 indicating no lesions and 4 

representing the most severe damage (Yoshida et al., 

2012). 
  
Immunohistochemistry (IHC) analysis 

Paraffin-embedded lung sections were dried, 

deparaffinized in xylene, and rehydrated through a graded 

ethanol series. Immunohistochemical staining was 

conducted using commercial kits (Zsbio, Beijing, China) 

following the manufacturer's instructions. Antigen retrieval 

and endogenous peroxidase blocking were carried out 

according to standard procedures. Subsequently, sections 

were incubated overnight at 4°C with the following 

primary antibodies: anti-E-cadherin (1: 2000, Proteintech, 

20874-1-AP) and anti-α-smooth muscle actin (α-SMA, 1: 

1500, Proteintech, 14395-1-AP). After washing with PBS, 

slides were incubated with the secondary antibody (1:1000, 

BioSharp, BL1600A) for 1 h at room temperature, 

followed by incubation with the Streptavidin-Biotin 

Complex (SABC) reagent at 37°C for 20 mins. After three 

PBS washes (10 mins each), sections were incubated with 

DAB substrate for 8 mins. The stained sections were 

ultimately visualized and imaged under a microscope 

(Olympus CKX53, Tokyo, Japan) for histological analysis. 
 

Cell culture 

Murine lung epithelial cells (MLE-12) were supplied from 

ATCC for in vitro experiments. Cells were maintained in a 

1:1 ratio of DMEM and F-12 nutrient medium (Gibco, 

Carlsbad, USA) supplemented with 10% certified fetal 

bovine serum (Biological Products Trading Co., Ltd., 

Changsha, China) and 1% penicillin/streptomycin 

antibiotics (Biosharp, Hefei, China). Cells were incubated 

at 37°C in a humidified atmosphere containing 5% CO2.  
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Experimental grouping in-vitro 

MLE-12 cells were seeded in 96-well plates at a density of 

1×10⁴ cells per well and cultured for 24 hrs. For treatment, 

the cells were then divided into six groups: (1) Control, (2) 

Andrographolide (Andro, 25 μM) alone, (3) LY294002 (10 

μM) alone, (4) Paraquat (PQ, 950.2 μM) alone, (5) Andro 

+ PQ, and (6) LY294002 + Andro + PQ. For the 

corresponding groups, cells were pretreated with Andro 

(25 μM) or LY294002 (10 μM) for 6 hrs. Subsequently, 

except for the Control andro alone and LY294002 alone 

groups, all other groups were exposed to PQ (950.2 μM) 

for an additional 24 hrs to induce cellular injury. The PQ 

concentration (950.2 μM) was selected based on previous 

reports demonstrating that this dose reliably induces 

oxidative stress and epithelial injury in MLE-12 cells while 

maintaining acceptable cell viability for mechanistic 

evaluation (Zhang et al., 2023). Preliminary experiments in 

our laboratory further confirmed that this concentration 

produced reproducible cytotoxicity suitable for 

pharmacological intervention assays. 

 

Cell viability assay 

Cell viability was assessed using the CCK-8 Kit 

(Beyotime, Shanghai, China) in accordance with the 

manufacturer’s protocol. After the indicated treatments, 10 

µl of CCK-8 solution was added to each well, followed by 

incubation at 37°C in a humidified incubator (Thermo 

Scientific™ Forma™ 310, USA) containing 5% CO2 for 1 

h. Cell growth was then observed with an inverted 

microscope (Olympus CKX53, Tokyo, Japan). The optical 

density (OD) was measured at 450 nm using a microplate 

reader (Multiskan FC, ThermoFisher, USA). All 

measurements were performed in triplicate and normalized 

to the control group. 

 

ROS detection 

Reactive oxygen species (ROS) levels were determined 

both in-vivo (bronchoalveolar lavage fluid, BALF) and in 

vitro (MLE-12 cells) using the DCFH-DA fluorescent 

probe (Biosharp, Hefei, China), following the 

manufacturer’s protocol. For in-vivo analysis, BALF 

samples were collected from mice and incubated with 5 

µM DCFH-DA at 37°C for 30 mins in the dark to allow 

probe uptake. After incubation, fluorescence intensity 

corresponding to intracellular ROS was quantified using 

flow cytometry (CytoFLEX, Beckman Coulter, USA). For 

in vitro experiments, MLE-12 cells (1×106 per well) were 

seeded in 6-well plates and cultured for 24 hrs. After the 

indicated treatments, cells were washed twice with PBS 

and incubated with 5 µM DCFH-DA for 30 mins at 37°C 

in a humidified CO2 incubator. Fluorescent images were 

acquired using an Olympus fluorescent microscope (IX 53, 

Tokyo, Japan). All experiments were performed in 

triplicate, and fluorescence signals were normalized to the 

untreated control group to ensure comparability. Negative 

controls without DCFH-DA staining were included to 

exclude background fluorescence. 

Measurement of oxidative stress markers (SOD, CAT, 

and MDA) 

Lung tissues were mechanically homogenized on ice and 

lysed in RIPA lysis buffer (Beyotime, Shanghai, China) to 

extract total proteins. The supernatants were collected after 

centrifugation at 12,000 rpm for 10 mins at 4°C (Eppendorf 

5417R, Germany). The levels of SOD, CAT, and MDA 

were measured using commercial kits (Njjcbio, Nanjing, 

China) as recommended by the manufacturer. For in-vitro 

analysis, MLE-12 cells were harvested and centrifuged 

(1000 rpm, 10 mins) at 4°C. The cell pellets were 

resuspended in lysis buffer and disrupted using an 

ultrasonic cell splinter (JXFSTPRP-II, Ningbo, China) at a 

power of 300W with 5s sonication pulses and 30s intervals 

for five cycles to ensure complete lysis. The lysates were 

centrifuged, and the resulting supernatants were analyzed 

for SOD, MDA, and CAT levels using the same 

commercial kits. Absorbance values were measured at the 

corresponding wavelengths with a microplate reader 

(Mulltiskan FC, ThermoFisher, USA), and results were 

normalized to total protein concentration. All assays were 

performed in triplicate to ensure reproducibility. 

 

Western blotting 

Total proteins were extracted from MLE-12 cells or lung 

tissues using RIPA lysis buffer (Beyotime, Shanghai, 

China). Protein concentrations were determined using the 

BCA assay to ensure equal loading. Equal amounts of 

protein samples were separated on 10% SDS-PAGE gels 

under the following conditions: 80 V for 20 mins (stacking 

gel) and then 120 V for 80 mins (separating gel). Following 

electrophoresis, protein bands were transferred onto a 

PVDF membrane using a wet transfer system at 400 mA 

for 60 min. After washing with TBST buffer, membranes 

were blocked with 5% bovine serum albumin (BSA) for 1 

h at room temperature. Then, the membranes were 

incubated overnight at 4°C with the following validated 

primary antibodies. Antibodies sourced from Cell 

Signaling Technology (Danvers, MA, USA) included MPO 

(Rabbit pAb, 1:1,000; Cat: 15178T); p-PI3K (Rabbit pAb, 

1:1,000; Cat: 4228T); PI3K (Rabbit pAb, 1:1,000; Cat: 

4292S); p-Akt (Rabbit pAb, 1:1,000; Cat: 4060T); and Akt 

(Rabbit pAb, 1:1,000; Cat: 9272S). Antibodies from 

Proteintech (Wuhan, China) included PPARγ (Rabbit pAb, 

1:20,000; Cat: 66936-1-Ig), E-cadherin (Rabbit pAb, 

1:5,000; Cat: 20874-1-AP), and α-SMA (Rabbit pAb, 

1:5,000; Cat: 14395-1-AP). The specificity for these 

antibodies has been previously validated by the 

manufacturer using genetic approaches in relevant human 

cell lines. The antibody against the loading control, β-actin 

(1:2,500; Cat: BL071A), was from BioSharp (Hefei, 

China). 

  

After three washes with TBST (10 mins per wash), 

membranes were incubated with HRP-labeled IgG (IgG-

HRP, 1:10,000; Cat: BL1600A) (BioSharp, Hefei, China) 

for 60 min at room temperature. Protein bands were 
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visualized using a high-sensitivity ECL kit (Biosharp, 

Hefei, China) in accordance with the manufacturer’s 

protocols, and densitometric analysis was conducted using 

ImageJ software.  

 

Statistical analysis 

All data are expressed as the mean ± standard deviation 

(SD). Statistical analyses were performed using GraphPad 

Prism 8.0 (San Diego, USA). A one-way ANOVA followed 

by Dunnett's multiple comparison tests was performed to 

evaluate differences among groups. Statistical significance 

was defined as a P-value < 0.05 and P < 0.01, indicating 

high significance. 

 

RESULTS 

 

Andro attenuates PQ-induced pulmonary damage by 

reducing inflammatory responses, oxidative stress, and 

EMT in mice 

A mouse model of PQ-induced lung injury was established 

to examine the protective effect of Andro (Fig. 1A). PQ 

exposure drastically decreased survival to 30% at 48 hrs, 

whereas Andro intervention significantly improved 

survival to 70% (P < 0.01), indicating a protective role in 

acute PQ toxicity (Fig. 1B).  

 

Histopathological analysis revealed that PQ induced severe 

alveolar disruption, congestion, hemorrhage, and lumen 

collapse, reflected by significantly elevated lung injury 

scores. Andro treatment preserved alveolar structure and 

significantly reduced lung injury scores (P < 0.01 vs. PQ) 

(Figs. 1C-E). Masson staining further demonstrated 

excessive collagen deposition in PQ-exposed lungs, which 

was attenuated by Andro (P < 0.01), supporting its anti-

fibrotic efficacy (Figs. 1D, 1F). 

 

MPO, a specific indicator of the inflammatory response, 

was significantly elevated following PQ exposure (P < 

0.01). Andro treatment reduced MPO levels (P < 0.01 vs. 

PQ group), indicating its anti-inflammatory effect. (Figs. 

1G, 1H) 

 

To determine oxidative stress, ROS, MDA, SOD, and CAT 

levels were assessed. PQ significantly elevated ROS and 

MDA levels (Figs. 2A-C) but decreased SOD and CAT 

levels (P < 0.01 for all) (Figs. 2D, 2E), indicating severe 

oxidative damage. Andro reversed these changes by 

reducing ROS and MDA and restoring CAT and SOD 

levels (P < 0.01 for all), confirming its antioxidant 

capacity. 

 

EMT was assessed through the expression levels of E-

cadherin and α-SMA. E-cadherin is a key marker of lung 

epithelial cells, primarily localized to the cell membrane of 

epithelial cells of the alveoli and bronchi (Braga 2016). In 

contrast, α-SMA is abundantly expressed in smooth muscle 

cells surrounding airways, bronchi, and blood vessels and 

in myofibroblasts that proliferate during pulmonary 

fibrosis. As a hallmark of mesenchymal cells, α-SMA 

serves as a core indicator of the EMT process (Darby et al., 

2016). PQ exposure significantly downregulated E-

cadherin (P < 0.01) and upregulated α-SMA (P < 0.01), 

reflecting loss of epithelial phenotype and mesenchymal 

activation (Figs. 2F, 2G, 2I). Andro treatment restored E-

cadherin and suppressed α-SMA levels (P < 0.01), 

indicating suppression of the EMT process (Figs. 2F-I). 

 

Taken together, these results demonstrate that Andro 

significantly improves survival and attenuates PQ-induced 

pulmonary injury by reducing inflammatory responses, 

oxidative damage, and EMT progression, thereby 

preserving lung structure and function. 

 

Andro suppresses PQ-induced activation of the 

PI3K/Akt/PPARγ pathway in lung tissues  

To investigate the mechanism of Andro-mediated lung 

protection, Western blotting was employed to assess the 

PI3K/Akt/PPARγ pathway. PQ exposure markedly 

increased the p-PI3K/PI3K and p-Akt/Akt ratios while 

reducing PPARγ expression (P < 0.01 for both), indicating 

PI3K/Akt pathway activation and PPARγ suppression. 

Nevertheless, Andro treatment significantly attenuated 

PI3K and Akt phosphorylation levels (P < 0.01) and 

restored PPARγ expression (P < 0.01) (Figs. 3A-D). These 

results indicate that Andro mitigates PQ-induced lung 

damage, at least partly, by blocking the PI3K/Akt pathway 

and upregulating PPARγ, thereby modulating downstream 

processes such as EMT and oxidative stress. 
 

Andro alleviates PQ-induced cytotoxicity via the 

PI3K/Akt/PPARγ signaling pathway in MLE-12 cells 

To explore cellular mechanisms of Andro, cell viability 

was tested by CCK-8 assays, PQ, and the PI3K inhibitor 

LY294002 on MLE-12 cell viability. PQ (950.2 μM, 24 

hrs) significantly reduced cell viability to approximately 

50%, while Andro (25 μM) pretreatment significantly 

improved cell survival (P < 0.01). Co-treatment with 

LY294002 further enhanced the protective effect of Andro 

(P < 0.05) (Figs. 4A–B), suggesting a PI3K-dependent 

mechanism.  
 

Western blotting analysis showed PQ exposure notably 

elevated the p-PI3K/PI3K and p-Akt/Akt ratios while 

suppressing PPARγ expression (P < 0.05 for all). Andro 

reversed these effects, significantly downregulated p-PI3K 

and p-Akt levels, and restored PPARγ expression (P < 

0.05) (Figs. 4C-D).  
 

Furthermore, LY294002 further enhanced these effects 

when combined with Andro, further reduced p-PI3K and p-

Akt (P < 0.01), and elevated PPARγ expression (P < 0.05) 

(Figs. 4C-D). Thus, these results confirm that Andro exerts 

its cytoprotective effects by blocking PI3K/Akt activation 

and restoring PPARγ levels to attenuate the PQ-induced 

cellular toxicity. 
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Andro suppresses PQ-induced oxidative injury and EMT 

through regulating the PI3K/Akt/PPARγ pathway in cells 

To elucidate whether Andro’s protective effects involve 

oxidative stress and EMT regulation, intracellular MDA, 

ROS, SOD, and CAT levels were measured. Compared 

with the Control group, PQ exposure markedly increased 

intracellular MDA and ROS levels, while decreasing the 

activities of antioxidant enzymes SOD and CAT (P < 0.01 

for all). Andro pretreatment significantly mitigated 

oxidative injury, as evidenced by decreased MDA (P < 

0.01) and ROS levels and elevated SOD (P < 0.01) and 

CAT (P < 0.05) activity (Figs. 5A-D). Co-treatment with 

LY294002 further enhanced the antioxidant effects of 

Andro, resulting in a more pronounced reduction in ROS 

and MDA levels (P < 0.01 for both), together with a further 

elevation of antioxidant enzyme activities, including SOD 

and CAT (P < 0.01 and P < 0.05, respectively) (Figs. 5A-

D). These results indicate that Andro mitigates PQ-induced 

oxidative stress through suppression of the PI3K/Akt 

pathway and restoration of PPARγ signaling. 

 

To assess EMT, E-cadherin and α-SMA expressions were 

examined. Compared with the Control group, PQ exposure 

significantly upregulated α-SMA and downregulated E-

cadherin (P < 0.01 for all) (Figs. 5E-G), indicating EMT 

activation. Andro pretreatment markedly reversed these 

changes (P < 0.01 for all) (Figs. 5E-G), suggesting 

suppression of EMT. LY294002 further enhanced this 

effect, reduced α-SMA expression (P < 0.01), and elevated 

E-cadherin expression (P < 0.05) (Figs. 5E-G). The 

Control and Andro-alone groups showed no significant 

alterations, indicating Andro had no effect on basal EMT 

markers. These findings demonstrate that Andro 

effectively inhibits PQ-induced EMT, potentially through 

regulation of the PI3K/Akt/PPARγ pathway, thereby 

contributing to its cytoprotective effects against PQ-

induced cellular injury.  

 

DISCUSSION  

 

In our study, we demonstrated that Andro significantly 

attenuates PQ-induced pulmonary injury by suppressing 

 
 

Fig. 1: Andro improves survival and attenuates lung injury in PQ-exposed mice. (A) Experimental design schematic. (B) 

Andro improved survival rates in PQ-treated mice (n = 10 per group). (C-D) Representative lung morphology and 

histopathology (H&E and Masson staining, scale bar = 50 μm). (E-F) Quantification of lung injury scores and collagen 

deposition area. (G-H) MPO level in lung tissues measured by Western blot and densitometry. The statistics are presented 

as mean ± SD (N = 3). “ns” means no significant difference, **P < 0.01.  
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oxidative stress and EMT. Although previous studies have 

reported the antioxidant and anti-EMT activities of Andro 

in other pathological contexts, our work extends these 

findings by identifying a specific toxicological model and 

revealing an integrated signaling mechanism. We 

confirmed that Andro exerts its dual protective actions 

primarily through modulation of the PI3K/Akt/PPARγ 

pathway, as further supported by inhibitor experiments 

using LY294002. Through both in-vivo and in-vitro 

experiments, our results revealed a regulatory link between 

oxidative stress and EMT, positioning PI3K/Akt/PPARγ as 

a pivotal mediator of Andro’s therapeutic action.  

 

PQ-induced lung damage involves oxidative stress and 

EMT, yet the precise molecular mechanisms and 

therapeutic potential of Andro in this context remain 

unclear. Consistent with previous reports, PQ exposure 

induced typical pathological alterations in lung tissue, 

including alveolar structural destruction, hemorrhage, and 

collapse (Tyagi et al., 2019). Remarkably, Andro 

administration effectively ameliorated these pathological 

injuries, supporting its protective efficacy and providing a 

foundation for further mechanistic investigations. The 

novelty of this study lies in identifying PI3K/Akt/PPARγ 

as the signaling axis through which Andro modulates both 

oxidative stress and EMT during PQ-induced lung injury. 

Accumulating evidence highlights EMT as a critical event 

in PQ-related pulmonary injury (Gao, et al., 2020; Jia, et 

al., 2021). In this study, the findings illustrated that Andro 

markedly reverses PQ-induced EMT by restoring E-

cadherin expression and inhibiting α-SMA upregulation 

both in-vivo and in-vitro. Furthermore, oxidative stress, 

driven by excessive ROS generation and mitochondrial 

redox imbalance, plays a central role in PQ-induced 

pulmonary damage by promoting lipid peroxidation and 

depleting antioxidant defenses such as SOD and CAT 

(Amin, et al., 2021; Memarzia, et al., 2023). Interestingly, 

our findings also confirmed that Andro alleviates PQ-

induced oxidative stress by decreasing ROS and MDA 

levels while elevating SOD and CAT activity. Emerging 

evidence has implicated that the PI3K/Akt/PPARγ pathway 

is a crucial regulator in PQ-induced lung injury (Abu-Eid 

 
 

Fig. 2: Andro attenuates PQ-induced oxidative stress and EMT in mice. (A-B) ROS level in BALF and quantification of 

ROS-positive cells. (C-E) MDA, CAT, and SOD levels in lung tissue. (F) Representative IHC staining of E-cadherin and 

α-SMA (scale bar = 50 μm). (G-I) Western blot and densitometric analysis of E-cadherin and α-SMA. The statistics are 

presented as mean ± SD (N = 3). “ns” means no significant difference, **P < 0.01. 
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and Ward, 2021; Glaviano et al., 2023; Meng et al., 2021). 

Our research provides experimental evidence that Andro 

confers its lung-protective effects by downregulating the 

PI3K/Akt/PPARγ pathway. Notably, we identified a novel 

mechanistic link between the PI3K/Akt/PPARγ pathway 

and the regulation of both EMT and oxidative stress in PQ-

associated lung damage (Chen et al., 2020; Wu et al., 

2021). Specifically, we demonstrated that Andro 

suppressed PI3K/Akt activation and elevated PPARγ 

expression, leading to decreased ROS and MDA levels, 

restored antioxidant enzymes (SOD, CAT), and reversal of 

EMT markers (decreased α-SMA, increased E-cadherin). 

Importantly, our findings reveal that the PI3K/Akt/PPARγ 

pathway serves as a central hub coordinating both EMT 

and oxidative stress in PQ-induced lung toxicity, and 

Andro’s therapeutic efficacy is achieved through its 

targeted inhibition of this pathway.  

 

This study establishes that Andro’s protective activity 

against PQ-induced lung damage is mediated by its dual 

regulation of EMT and oxidative stress through the 

PI3K/Akt/PPARγ pathway, offering a novel therapeutic 

strategy for PQ-related pulmonary injury. However, 

several limitations of this study should be acknowledged. 

First, only a single dose of Andro and a single observation 

time point were employed, without further optimization of 

concentration or extension of follow-up duration.  

 

 
 

Fig. 3: Andro inhibits the activation of the PI3K/Akt/PPARγ pathway in PQ-induced lung injury in mice. (A) Western 

blot analysis of PI3K, p-PI3K, Akt, p-Akt, and PPARγ in the lung tissues was measured by western blotting. (B-D) 

Quantitative analysis of p-PI3K/PI3K, p-Akt/Akt, and PPARγ expression. The statistics are presented as mean ± SD (N 

= 3). “ns” means no significant difference, **P < 0.01.  
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Fig. 4: Andro improves cell viability in PQ-exposed MLE-12 cells via PI3K/Akt/PPARγ pathway inhibition. (A) 

Representative morphology of MLE-12 cells (10×). (B) Cell viability assessed by CCK-8 assay. (C) Western blot analysis 

of PI3K, p-PI3K, Akt, p-Akt, and PPARγ. (D) Quantitation of p-PI3K/PI3K, p-Akt/Akt and PPARγ expression. The 

statistics are presented as mean ± SD (N = 3). “ns” means no significant difference, *P < 0.05, **P < 0.01. 
 

 
 

Fig. 5: Andro suppresses the PQ-induced oxidative stress and EMT in MLE-12 cells via the PI3K/Akt/PPARγ pathway. 

(A) ROS levels visualized by a fluorescent microscope (scale bar = 50 μm). (B-D) SOD, CAT, and MDA levels. (E) 

Western blot analysis of E-cadherin and α-SMA. (F) Quantitation of E-cadherin and (G) α-SMA expression. The statistics 

are presented as mean ± SD (N = 3). *P < 0.05, **P < 0.01.  
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This restricts the ability to fully evaluate the dose-response 

relationship, the optimal therapeutic window, and the long-

term efficacy of Andro, particularly its potential 

antifibrotic effects. Second, mechanistic verification 

primarily relied on pharmacological inhibition, without 

genetic manipulation such as siRNA-mediated knockdown 

or gene overexpression. Therefore, the causal role of the 

PI3K/Akt and PPARγ pathways in mediating Andro’s 

protective effects requires further validation through 

genetic approaches. Third, the study was limited to a 

murine model and a single epithelial cell line (MLE-12), 

which, although informative, may not fully recapitulate the 

complex pathophysiology of human PQ poisoning. Future 

studies should systematically assess different Andro doses 

and treatment time windows to better define its therapeutic 

range. Moreover, genetic strategies will be employed to 

elucidate downstream effectors of the PI3K/Akt axis and 

PPARγ, further clarifying the interplay between oxidative 

stress and EMT. 

 

CONCLUSION 

 

In conclusion, our study demonstrates that Andro 

significantly mitigates PQ-induced lung damage by 

simultaneously suppressing oxidative stress and EMT. 

Mechanistically, andro exerts its protective effects through 

suppression of the PI3K/Akt/PPARγ pathway, which 

serves as a central hub coordinating these two pathological 

processes. By elucidating this dual regulatory mechanism, 

our findings provide novel insights into PQ-induced lung 

toxicity and highlight Andro as a promising candidate for 

future therapeutic development. Importantly, additional 

studies are required to assess optimal dosing, long-term 

efficacy, safety, and translational relevance before any 

clinical application can be considered. 
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