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Abstract. In paraquat (PQ)‑induced acute lung injury (ALI)/ 
acute respiratory distress syndrome, PQ disrupts endothelial 
cell function and vascular integrity, which leads to increased 
pulmonary leakage. Anthrahydroquinone‑2,6‑disulfonate 
(AH2QDS) is a reducing agent that attenuates the extent 
of renal injury and improves survival in PQ‑intoxicated 
Sprague‑Dawley (SD) rats. The present study aimed to 
explore the beneficial role of AH2QDS in PQ‑induced ALI 
and its related mechanisms. A PQ‑intoxicated ALI model was 
established using PQ gavage in SD rats. Human pulmonary 
microvascular endothelial cells (HPMECs) were challenged 
with PQ. Superoxide dismutase, malondialdehyde, reactive 
oxygen species and nitric oxide (NO) fluorescence were 
examined to detect the level of oxidative stress in HPMECs. 

The levels of TNF‑α, IL‑1β and IL‑6 were assessed using 
an ELISA. Transwell and Cell Counting Kit‑8 assays were 
performed to detect the migration and proliferation of the 
cells. The pathological changes in lung tissues and blood 
vessels were examined by haematoxylin and eosin staining. 
Evans blue staining was used to detect pulmonary microvas‑
cular permeability. Western blotting was performed to detect 
target protein levels. Immunofluorescence and immunohisto‑
chemical staining were used to detect the expression levels of 
target proteins in HPMECs and lung tissues. AH2QDS inhib‑
ited inflammatory responses in lung tissues and HPMECs, and 
promoted the proliferation and migration of HPMECs. In addi‑
tion, AH2QDS reduced pulmonary microvascular permeability 
by upregulating the levels of vascular endothelial‑cadherin, 
zonula occludens‑1 and CD31, thereby attenuating patholog‑
ical changes in the lungs in rats. Finally, these effects may be 
related to the suppression of the phosphatidylinositol‑3‑kinase 
(PI3K)/protein kinase B (AKT)/endothelial‑type NO synthase 
(eNOS) signalling pathway in endothelial cells. In conclu‑
sion, AH2QDS ameliorated PQ‑induced ALI by improving 
alveolar endothelial barrier disruption via modulation of 
the PI3K/AKT/eNOS signalling pathway, which may be an 
effective candidate for the treatment of PQ‑induced ALI.

Introduction

Paraquat (PQ; 1,1‑dimethyl‑4,4‑bipyridinium dichloride) is 
an effective herbicide that is widely used in agriculture and 
is highly toxic to humans  (1). As of 2020, >150,000 indi‑
viduals will succumb each year to accidental or intentional 
exposure to PQ (2). When PQ is absorbed into the body it 
can cause damage to the lungs, liver, kidneys, heart and other 
organs (3,4). The lungs have a strong dopamine uptake system 
to the extent that PQ, which is chemically similar to poly‑
amines, accumulates mainly in the lungs (5). Therefore, when 
PQ is absorbed into the bloodstream, it directly causes damage 
to vascular endothelial cells. It has been demonstrated that PQ 
exposure induces glutathione redox cycle dysfunction and 
excessive endothelial albumin permeability in microvascular 
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endothelial cells (6,7). Therefore, identification of therapeutic 
agents that can maintain the endothelial barrier and attenuate 
pulmonary microvascular permeability may reduce mortality 
and improve prognosis, which is of great significance for the 
clinical treatment of PQ‑induced acute lung injury (ALI), but 
its protective mechanism needs further study. Endothelial 
cells, the basic building blocks of blood vessels, are involved 
in and regulate a variety of physiological processes, such 
as blood and component transport, immune responses and 
vascular tone (8,9). Multiple causes of endothelial dysfunction 
accelerate the progression of ALI/acute respiratory distress 
syndrome (ARDS) (10). It has been demonstrated that vascular 
endothelial injury can lead to damage to the alveolar‑capillary 
barrier, which in turn leads to increased pulmonary microvas‑
cular permeability. The structures of tight junctions (TJs) or 
adherens junctions (AJs) maintain the integrity of the endothe‑
lial barrier (11,12). In ARDS, there is increased permeability 
of the pulmonary vasculature to circulating fluids, macromol‑
ecules and leukocytes due to a severe inflammatory response 
that disrupts the endothelial barrier, leading to alveolar filling 
and neutrophilic in‑flow. This leads to the high mortality rate 
of ARDS (13‑15).

Anthrahydroquinone‑2,6‑disulfonate (AH2QDS) is a 
reducing agent that has previously been demonstrated to bind 
specifically to PQ to reduce its levels in the body and thereby 
improve its survival (16‑19). Additionally, it has been demon‑
strated that AH2QDS has a protective effect on the kidney in 
PQ poisoning (20), and this protective mechanism may be 
related to cellular oxidative stress, inflammatory injury, endo‑
plasmic reticulum stress and reduced apoptosis; however, its 
mechanism of action in ALI has not been elucidated.

As an important signal transduction pathway in cells, 
the phosphatidylinositol‑3‑kinase (PI3K)/protein kinase  B 
(AKT) signalling pathway is involved in a variety of 
biological processes, such as proliferation, differentiation and 
anti‑inflammatory processes (21,22). It has been demonstrated 
that endothelial‑type nitric oxide (NO) synthase (eNOS) is a 
key regulator of vascular growth and endothelial function, and 
can cause relevant biological effects in endothelial cells and 
airway epithelial cells, affecting the course of ALI/ARDS (23). 
NO can be generated by eNOS catalysis. The excessive genera‑
tion of NO can induce the generation of oxygen free radicals, 
leading to tissue and organ damage, which serves an important 
role in the pathophysiology of PQ‑intoxicated (24,25). To delve 
deeply into the critical signaling pathway that PQ induces 
ALI, Sprague‑Dawley (SD) rats were utilized to establish a 
PQ poisoning model and these rats were carefully divided into 
control, PQ poisoning and AH2QDS treatment groups. Through 
detailed comparative analysis with reference genes, enrichment 
analysis at the gene expression level was conducted. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrich‑
ment analysis revealed that the PI3K/AKT signaling pathway 
exhibited a particularly significant gene enrichment phenom‑
enon in lung tissues after PQ poisoning and AH2QDS treatment, 
indicating that it may be the primary signaling pathway (19,26). 
Furthermore, according to current understanding, the specific 
mechanism of the PI3K/AKT/eNOS signaling pathway in the 
protective effect of AH2QDS against PQ‑induced ALI remains 
unclear, which precisely constitutes the focus and core of our 
current study.

In the present study, PQ gavage in rats and PQ treatment of 
human pulmonary microvascular endothelial cells (HPMECs) 
were used as in vitro and in vivo models to validate the afore‑
mentioned hypothesis. The results suggested that AH2QDS 
could enhance the proliferation and migration of HPMECs. 
In addition, AH2QDS reduced inflammatory response and 
pulmonary microvascular permeability through inactivating 
the PI3K/AKT/eNOS pathway, thereby attenuating PQ‑induced 
ALI.

Materials and methods

Establishment of the ALI model. A total of 48 male SD rats 
(7‑8 weeks old) with an average weight of 180‑200 g were 
obtained from Changsha Tianqin Biotechnology Co., Ltd., and 
the rats were kept at Hainan Medical University's Experimental 
Animal Center using specific pathogen‑free standards, with 
free access to water and food. The animal room was main‑
tained at 22‑24˚C with a 12/12‑h light‑dark cycle. All animal 
experiments are conducted in the Experimental Animal Center 
of Hainan Medical University. The rats were randomly divided 
into the following four groups (n=12) after 7 days of acclima‑
tion feeding: Control group, PQ group, PQ + AH2QDS group 
and AH2QDS group (20). To model the poisoning, rats were 
fasted for 10 h prior to poisoning with reference to previous 
experiments (19,20). The control group was given 5 ml saline 
by gavage. The PQ group was administered 200 mg/kg 20% 
PQ solution per rat by gavage (Henan Lane Pesticide Factory). 
The PQ + AH2QDS group was given 5 ml AH2QDS by gavage 
at the molar ratio of PQ:AH2QDS=1:1 (mol:mol) after 2 h of 
PQ intoxication, which was used to construct the treatment 
model. The AH2QDS group was administered 5 ml AH2QDS 
by gavage. To adhere to the principle of humane endpoints, 
the following measures were taken during the experiment 
to minimize the use of animals while ensuring the scientific 
rigor and humanity of the experiment. Firstly, sufficient 
practice was conducted and the modelling techniques were 
mastered beforehand to significantly reduce the failure rate 
of animal modelling, thus ensuring the reliability and validity 
of the experimental results. Secondly, during all experimental 
operations, it was ensured that animals were anesthetized to 
minimize potential pain and discomfort during the experi‑
ment. In addition, strict adherence to experimental ethical 
norms was implemented and clear humanitarian endpoints 
were formulated, tailored to the objectives of the present 
study. The specific standards were as follows: i) After 72 h of 
PQ intervention, as the scientific goals of the research were 
achieved, there was no need to continue the experiment; 
ii) when animals suffered from pain that was not caused by the 
experiment itself and was unexpected before the experiment 
starts, such as animals with inherent defects; iii) if it was antic‑
ipated before the experiment that the animals may suffer from 
pain, but the degree of pain exceeded expectations during the 
actual process, such as severe nasal and oral bleeding, severely 
abnormal behaviour, and other situations; and iv) if the pain 
of the animals was caused by the experiment itself, and this 
pain had been anticipated before the experiment started. Once 
any of the aforementioned standards were observed during 
the experiment, the animals were immediately euthanized to 
reduce their suffering. All animals in the present study were 
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euthanized before the end of the experiment once these stan‑
dards were met, ensuring that no animals would succumb due 
to any unnecessary reasons during the experimental process. 
The animal welfare was always upheld and the smooth prog‑
ress of the experiment was ensured while maintaining the 
accuracy and reliability of the experimental results. The rats 
were euthanized using an overdose of sodium pentobarbital 
(>150 mg/kg) injected intraperitoneally following exposure to 
PQ for 72 h. When the cessation of the heartbeat and breathing 
of the rats was confirmed, and there were no reflexes, the death 
of the experimental animals was confirmed painlessly. Whole 
lung tissue was excised, dried and weighed. The left lung was 
placed in 10% paraformaldehyde and the right lung was placed 
in a cryopreservation tube and stored in a ‑80˚C refrigerator.

The experimental procedures were performed in accor‑
dance with the Guide for the Care and Use of Laboratory 
Animals and approved by the Ethics Committee of the First 
Affiliated Hospital of Hainan Medical University [approval 
no. 2020 (Research) No. (97); Haikou, China].

Haematoxylin and eosin (H&E) staining. Rat lung tissue were 
paraffin‑embedded in paraffin after being fixed in 10% form‑
aldehyde at room temperature for 24 h and cut into 4‑µm‑thick 
sections. After successful staining with haematoxylin and 
eosin, pathological changes were detected under a light micro‑
scope. Lung tissue damage was quantified using a score of 
0 (normal) to 3 (severe) that included alveolar wall oedema, 
haemorrhage, vascular congestion and polymorphonuclear 
leukocyte infiltration. As previously reported, lung injuries 
were categorized according to the sum of the scores  (27). 
Lung injuries were graded on a scale of severity from 0 to 5 
(0, normal; 1, mild or very small amount; 2, mild or small 
amount; 3, moderate or larger amount; 4, severe or large 
amount; and 5, very severe or extremely large amount).

Evans blue staining. To determine pulmonary vascular perme‑
ability, Evans blue solution (2 mg/kg) was injected into the 
tail vein of rats, and the rats were euthanized 1 h after the 
injection. Lung tissue was perfused with PBS until the lungs 
turned white, resected as a whole, dried and weighed, and the 
right lung was weighed in half. The lung tissue was homog‑
enized with formamide and incubated at 60˚C in a water bath 
protected from light for 24 h. After incubation, the suspension 
was centrifuged (4˚C, 13,400 x g, 15 min) and 200 µl of the 
supernatant was added to a 96‑well plate, and the absorbance 
at 620  nm was measured using an enzyme counter. The 
amount of Evans blue dye was calculated using the standard 
curve method.

Immunohistochemical staining. Immunohistochemical staining 
was used to detect the protein expression of vascular endothe‑
lial‑cadherin (VE‑cadherin), zonula occludens‑1 (ZO‑1) and 
CD31 in paraffin sections (4‑µm‑thick) of lung tissues. Paraffin 
sections were dewaxed (environmental‑friendly dewaxing solu‑
tion; cat. no. G1128; Wuhan Servicebio Technology Co., Ltd.), 
rehydrated using descending alcohol series for antigen repair 
and recovered; and the sections were placed in 3% BSA (cat. 
no. 36100ES25; Shanghai Yeasen Biotechnology Co., Ltd.) for 
30 min at room temperature for blocking, and then incubated 
overnight at 4˚C with VE‑cadherin antibody (dilution, 1:50; 

cat. no.  XF354429; Invitrogen; Thermo Fisher Scientific, 
Inc.), ZO‑1 antibody (dilution, 1:1,000; cat. no. 21773‑1‑AP; 
Proteintech Group, Inc.) and CD31 antibody (dilution, 1:1,000; 
cat. no. GB113151; Wuhan Servicebio Technology Co., Ltd.), 
followed by incubation with HRP‑labelled goat anti‑rabbit IgG 
secondary antibody (dilution, 1:200; cat. no. GB23303; Wuhan 
Servicebio Technology Co., Ltd.) for 1 h at room temperature. 
Finally, the sections were stained with diaminobenzidine and 
counterstained with haematoxylin (room temperature, 3 min), 
and observed under a light microscope. Microscopic images 
were evaluated using ImageJ software (Fiji distribution of 
ImageJ; https://imagej.net/software/fiji/), and the area of 
VE‑cadherin, ZO‑1 and CD31‑positive cells was quantified.

Cell culture and treatment. HPMECs were purchased 
from Otwo Biotechnology Development Co., Ltd. (cat. 
no. HTX2255) and cultured in DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% fetal bovine serum (Procell 
Life Science & Technology Co., Ltd.) with 5% CO2 at 37˚C for 
proliferation. Cells were incubated with different concentra‑
tions of PQ pure (AccuStandard, Inc.) for 24, 48 and 72 h. The 
results are shown in Fig. S1A. Cell viability was reduced in a 
dose‑dependent manner, and the reduction in cell viability was 
more pronounced after 72 h of treatment than at 48 and 24 h. 
Although the IC50 results ranged between 200 and 300 µM 
(Fig. 1C), the viability of the cells was <50% after 300 µM 
treatment. Therefore, a PQ dose of 200 µM was chosen for 
subsequent experiments to treat the cells for 72 h. HPMECs 
were then pre‑treated with different concentrations of AH2QDS 
for 2, 6 and 12 h, and 200 µM AH2QDS had the least effect on 
cell viability (Fig. 2A and B). Therefore, 200 µM was selected 
as the concentration of AH2QDS for subsequent experiments.

The cells were divided into the following four groups: 
Control group, HPMECs were treated with medium for 72 h; 
PQ group, cells were stimulated with PQ (200 µM) alone 
for 72 h; PQ + AH2QDS group, HPMECs were treated with 
AH2QDS (200 µM) for 2 h followed by stimulation of the cells 
with PQ (200 µM) for 72 h; and AH2QDS group, cells were 
stimulated with AH2QDS (200 µM) alone for 72 h.

Transwell cell migration assay. Experiments were performed 
using Transwell plates with a pore size of 5 µm to assess cell 
migration. Briefly, 3x104 HPMECs were inoculated into the 
upper part of the migration chamber containing serum‑free 
medium. The lower chamber was filled with complete medium 
containing 20% fetal bovine serum as an attractant. After 72 h 
of incubation, migratory cells were stained with 0.1% crystal 
violet (Biosharp Life Sciences) at room temperature for 10 min 
and non‑migratory cells in the upper chamber were removed 
with a cotton swab. Cells were then imaged and counted under 
a light microscope.

Cell viability assay. To assess PQ and AH2QDS cytotoxicity, 
HPMECs in the logarithmic growth phase were homoge‑
neously inoculated into 96‑well plates at a density of 3‑5x103 
per cell culture (100 µl/well). After waiting for 12 h of cell 
apposition, the cells were treated with different concentrations 
of PQ for 24, 48 and 72 h. The cells were pre‑treated with 
different concentrations of AH2QDS for 2 h, and then treated 
with 200 µM PQ for 72 h. Cell Counting Kit‑8 (CCK‑8) solution 
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(10 µl) was added to each well according to the manufacturer's 
instructions (cat. no. BS350C; Anhui Biosharp Technology 
Co., Ltd.). The 96‑well plates were further incubated in a 37˚C 
cell incubator for 1‑2 h. Absorbance was measured at 450 nm 
using an enzyme marker.

Measurement of intracellular NO levels. Intracellular NO 
levels were measured using the fluorescent indicator diami‑
nofluorescein‑FM diacetate (DAF‑FM DA; Shanghai Yeasen 
Biotechnology Co., Ltd.). Cells were inoculated at a density 
of 1x104 per dish and cultured in confocal dishes, and cells 
were pre‑treated with AH2QDS for 2 h and stimulated with PQ 
(200 µM) for 72 h. After treatment, the medium was discarded 
and the cells were gently washed three times with PBS, and 
then the cells were treated with 200 µl DAF‑FM DA (5 µM) 
for 30 min in a 37˚C cell incubator. Cells were washed three 
times using PBS and kept in PBS throughout the experiment. 
Finally, the fluorescence intensity was measured using a laser 
confocal microscope with an excitation wavelength of 488 nm 
and an emission wavelength of 515 nm. The measured fluores‑
cence values were analysed using ImageJ software to examine 
the changes in fluorescence intensity in each group.

Detection of intracellular reactive oxygen species (ROS) 
levels. The level of intracellular ROS was measured using 
the Reactive Oxygen Detection kit (cat. no. BL714A; Anhui 
Biosharp Technology Co., Ltd.). Cells were inoculated at a 
density of 1x104 per dish and cultured in confocal dishes, and 

cells were pre‑treated with AH2QDS for 2 h and stimulated 
with PQ (200 µM) for 72 h. After treatment, the medium 
was discarded and the cells were gently washed three times 
with PBS. Subsequently, the cells were treated with 200 µl 
2',7'‑dichlorodihydrofluorescein diacetate (10 µM) for 30 min 
at 37˚C in a cell culture incubator, and washed three times 
with PBS, and after that, the whole experiment was kept in 
serum‑free medium. Finally, the fluorescence intensity was 
measured using a laser confocal microscope with an excitation 
wavelength of 488 nm and an emission wavelength of 515 nm. 
The measured fluorescence values were analysed using ImageJ 
software to examine the changes in fluorescence intensity in 
each group.

Detection of intracellular malondialdehyde (MDA) and 
superoxide dismutase (SOD) levels. After establishing the cell 
model, the cells were lysed with RIPA lysis solution and centri‑
fuged at 13,400 g at 4˚C for 10 min, and the supernatant was 
the desired sample. According to the instructions of the MDA 
(cat. no. BL1481A; Anhui Biosharp Technology Co., Ltd.) and 
SOD (cat. no. A001‑3‑2; Nanjing Jiancheng Bioengineering 
Institute) detection kits, the relevant reagents were added to 
the reaction, and finally the absorbance values were measured 
using an enzyme marker at 532 and 450 nm, respectively.

ELISA. TNF‑α, IL‑1β and IL‑6 levels in the supernatants 
of HPMECs were detected using a human ELISA kit (Fine 
Biotech Co., Ltd.) according to the manufacturer's instructions.

Figure 1. PQ induces dose‑ and time‑dependent cytotoxicity in human pulmonary microvascular endothelial cells. (A) Cell viability was assessed after treating 
cells with 200, 400 and 800 µM for 24, 48 and 72 h. Data are expressed as the mean ± SEM of three independent experiments. Compared with the PQ (24 h) 
group, ###P<0.001. Compared with the PQ (48 h) group, ***P<0.001. The horizontal coordinate is concentration and the vertical coordinate is cell viability. 
(B) Line graph of cell viability after intervention of cells with PQ concentration gradient and time gradient. The horizontal coordinate is concentration and the 
vertical coordinate is cell viability. (C) IC50 for PQ concentrations. Data are expressed as the mean ± SEM of three independent experiments. PQ, paraquat; 
ns, not significant.
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Western blotting (WB). The rat lung tissues and HPMECs 
were lysed with RIPA lysis buffer (cat. no. G2002‑100ML; 
Wuhan Servicebio Technology Co., Ltd.) containing protease 
inhibitors (cat. no. BL612A; Anhui Biosharp Technology 
Co., Ltd.) to prepare protein samples. After quantification 
of the protein concentration using a BCA Protein Assay 
Kit (cat. no. 20201ES76; Shanghai Yeasen Biotechnology 
Co., Ltd.), protein samples (40  µg) were separated by 
7.5‑10% SDS‑PAGE, and then transferred to PVDF transfer 
membranes. The membranes were blocked with 5% skimmed 
milk powder for 1 h at room temperature, and incubated with 
primary antibody at 4˚C overnight. The following primary 
antibodies were used: VE‑cadherin antibody (dilution, 1:250; 
cat. no. XF354429; Invitrogen; Thermo Fisher Scientific, 
Inc.), ZO‑1 antibody (dilution, 1:10,000; cat. no. 21773‑1‑AP; 
Proteintech Group, Inc.), IL‑6 antibody (dilution, 1:1,500; cat. 
no. bs‑0782R; BIOSS), IL‑1β antibody (dilution, 1:1,000; cat. 
no. bs‑0812R; BIOSS), TNF‑α antibody (dilution, 1:1,000; 
cat. no.  BP4903; Wuhan Boster Biological Technology, 
Ltd.), PI3K antibody (dilution, 1:1,000; cat. no. 20584‑1‑AP; 
Proteintech Group, Inc.), phosphorylated (p‑)PI3K antibody 
(dilution, 1:1,000; cat. no. PA5‑104853; Invitrogen; Thermo 
Fisher Scientific, Inc.), AKT antibody (dilution, 1:1,000; cat. 

no. 10176‑2‑AP; Proteintech Group, Inc.), p‑AKT antibody 
(dilution, 1:1,000; cat. no. 28731‑1‑AP; Proteintech Group, 
Inc.), eNOS antibody (dilution, 1:1,000; cat. no. 27120‑1‑AP; 
Proteintech Group, Inc.), β‑actin antibody (dilution, 1:1,000; 
cat. no. GB11001‑100; Wuhan Servicebio Technology Co., Ltd.) 
and GAPDH antibody (dilution, 1:1,000; cat. no. GB15004‑100; 
Wuhan Servicebio Technology Co., Ltd.). The membranes 
were washed at least three times with TBS with 1% Tween‑20 
(TBST) and incubated with secondary antibody conjugated 
to HRP‑labelled goat anti‑rabbit IgG (dilution, 1:10,000; cat. 
no. BL003A; Anhui Biosharp Technology Co., Ltd.) at room 
temperature for 2 h. After three washes with TBST, images of 
the bands were captured (Super ECL Detection Reagent‑ECL 
Ultra‑Sensitive Chemiluminescent Detection Kit; cat. 
no. 36208ES60; Shanghai Yeasen Biotechnology Co., Ltd.) 
and analysed using a chemical gel imager (CHAMP CHEMI 
TOP 610 PLUS).

Statistical analysis. All data are presented as the mean ± stan‑
dard error of the mean (SEM) of at least three independent 
experiments and were analysed using GraphPad Prism8 
software (Dotmatics). One‑way ANOVA followed by 
Tukey's multiple comparison test was used to determine 

Figure 2. AH2QDS attenuates PQ‑induced cytotoxicity. (A) Cell viability was assessed after treating cells with 0, 10, 50, 100, 200, 300, 400, 600 and 800 µM 
AH2QDS for 2 h. (B) Cell viability was assessed after treating the cells with 200 µM AH2QDS for 2, 6 and 12 h. (C) Cell viability was assessed after pretreat‑
ment with 200 µM for 2 h followed by treatment of cells with 0, 10, 50, 100, 200, 300, 400, 600, and 800 µM for 72 h. Data are expressed as the mean ± SEM of 
three independent experiments. Compared with the control (0 µM PQ), ***P<0.001. AH2QDS, anthrahydroquinone‑2,6‑disulfonate; PQ, paraquat; not significant.
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differences between groups. P<0.05 was considered to indicate 
a statistically significant difference.

Results

PQ induces cytotoxicity in HPMECs. To study the cytotoxicity 
of PQ, cell viability was examined using a CCK‑8 assay. Cells 
were treated with pure PQ (0, 200, 400, 800, 1,200, 1,600 and 
2,000 µM) for 24 and 48 h, and cell viability was assessed at 
the end of culture. As shown in Fig. S1A and B, the inhibition 
of cell viability by PQ was dose‑ and time‑dependent. After 
24 h of PQ treatment, the cell viability was decreased following 
1,600 µM PQ treatment (Fig. S1A), and after 48 h of PQ treat‑
ment, the cell viability was decreased following 1,200 µM PQ 
treatment, with a cell viability of >60% compared with the 
control in all cases (Fig. S1B). However, after 72 h of PQ treat‑
ment, the cell viability was significantly decreased following 
200  µM PQ treatment, down to 59% compared with the 
control (Fig. S1C). When calculating the IC50 of PQ, the IC50 of 
PQ was 200‑300 µM; however, at 300 µM, cell viability was 
<50%. Therefore, 200 µM was selected as the concentration of 
PQ for subsequent experiments (Fig. 1C). These results indi‑
cated that PQ induced cytotoxicity in HPMECs in a dose‑ and 
time‑dependent manner (Fig. 1A and B).

AH2QDS attenuates PQ‑induced cytotoxicity in HPMECs. 
To investigate the effect of AH2QDS on the proliferation of 
cells, cell viability was determined using the CCK‑8 assay. 
Cells were treated with 0, 10, 50, 100, 200, 300, 400, 600 
and 800 µM AH2QDS for 24 h. Cell viability was assessed 
at the end of the incubation. As demonstrated in Fig. 2A, 
after 2 h, 0, 10, 50, 100 and 200 µM AH2QDS treatment 
had no significant effect on cell viability (Fig. 2A); however, 
300 µM AH2QDS and other concentrations of AH2QDS had 
an effect on cell viability. Furthermore, when treating the 
cells with 200 µM AH2QDS for 2, 6 and 12 h, cell viability 
was decreased after 6 h of treatment (Fig. 2B), which demon‑
strated the time‑ and dose‑dependent effects of AH2QDS on 
the viability of HPMEVCs. To assess the protective effect 
of AH2QDS against PQ‑induced cytotoxicity, cells were 
pre‑treated with 200 µM AH2QDS for 2 h, and then cell 
viability was assessed after exposure to 200 µM PQ for 72 h. 
As revealed in Fig. 2C, pretreatment with AH2QDS signifi‑
cantly increased the PQ‑induced decrease in cell viability 
(Fig. 2C), but this protective effect was markedly reduced by 
PQ at concentrations >300 µM.

AH2QDS inhibits the PQ‑induced increase in oxidative stress 
and NO production in HPMECs. The intracellular oxidative 
stress level was assessed by detecting ROS, NO fluorescence 
intensity, MDA and SOD levels. As shown in Fig.  3A‑D, 
the fluorescence intensity of ROS and NO in PQ‑induced 
HPMECs was significantly higher compared with that in 
the control group, whereas the fluorescence intensity of ROS 
and NO in PQ‑induced cells was decreased by pretreatment 
with AH2QDS, suggesting that AH2QDS could attenuate the 
production of ROS and NO in PQ‑induced cells, thus reducing 
endothelial cell damage. As demonstrated in Fig. 3E and F, 
the levels of SOD and MDA were also examined in HPMECs. 
MDA levels were significantly higher and SOD levels were 

lower in the PQ group compared with the control group; while 
MDA levels were decreased and SOD levels were signifi‑
cantly higher in the PQ‑induced cells after pretreatment with 
AH2QDS, which indicated that AH2QDS could attenuate the 
level of oxidative stress in the PQ‑induced cells. As revealed 
in Fig. 3G‑I, ELISA results revealed that AH2QDS signifi‑
cantly inhibited the expression of TNF‑α, IL‑6 and IL‑1β in 
PQ‑induced HPMECs.

AH2QDS promotes the migration of HPMECs and main‑
tains normal cellular connectivity. The migration of 
HPMECs was detected using a Transwell assay. As displayed 
in Fig. 4A and B, the number of migratory cells in the PQ 
group was significantly lower compared with that in the 
control group, while the number was significantly higher 
after AH2QDS treatment, which indicated that AH2QDS 
could promote the migration of HPMECs. The intracellular 
protein expression levels of VE‑cadherin and ZO‑1 were 
detected by WB, and the results are shown in Fig. 4C‑E. The 
protein expression levels of VE‑cadherin and ZO‑1 in the PQ 
group were significantly reduced, and the protein expression 
levels were significantly increased after AH2QDS treatment, 
which demonstrated that AH2QDS could maintain the normal 
connectivity of HPMECs. The fluorescence intensity of ZO‑1 
protein was detected using an immunofluorescence assay. The 
results in Fig. 4F and G indicated that ZO‑1 protein expression 
was significantly reduced in the PQ group compared with the 
control group, and some cells were deficient in protein expres‑
sion. This result was reversed by AH2QDS treatment.

AH2QDS treatment attenuates PQ‑induced ALI in rats. To 
assess the effect of AH2QDS on PQ‑induced ALI in rats, a 
PQ‑induced ALI rat model was constructed, and pathological 
changes in lung tissues were detected by H&E staining. As 
demonstrated in Fig. 5A, PQ treatment resulted in marked 
inflammatory infiltrates, destruction of alveolar and alveolar 
wall capillary structures, and pulmonary oedema in the 
lung tissues. These symptoms were markedly improved by 
AH2QDS treatment. Additionally, as shown in Fig. 5B, the 
lung injury score was significantly higher in the PQ group 
compared with the control group, whereas the lung injury 
score was reduced after AH2QDS treatment. To verify that 
AH2QDS could reduce inflammation in lung tissues, the 
protein expression levels of IL‑6, IL‑1β and TNF‑α in lung 
tissues were detected using WB. As indicated in Fig. 5C‑F, 
the protein expression levels of IL‑6, IL‑1β and TNF‑α in the 
PQ group were significantly increased compared with those 
in the control group; however, the protein expression levels 
of IL‑6, IL‑1β and TNF‑α were significantly decreased after 
AH2QDS treatment.

AH2QDS improves PQ‑induced pulmonary vascular permea‑
bility and connexin expression in rats. To verify that AH2QDS 
reduces pulmonary oedema by decreasing pulmonary 
microvessel permeability and decreasing exudation, pulmo‑
nary microvessel permeability was examined using the Evans 
blue assay (Fig. 6A and B). The protein expression levels of 
VE‑cadherin and ZO‑1 in lung tissues were detected by WB, 
and the results were consistent with the results obtained in 
HPMECs (Fig. 6C‑E). Immunohistochemical staining results 
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Figure 3. Effect of AH2QDS on PQ‑induced cellular oxidative stress and NO production. (A) ROS fluorescence detection of ROS content in cells in each group. 
Scale bar, 50 µm. ROS: green, DAPI: blue. (B) NO fluorescence detection of NO content in cells in each group. Scale bar, 50 µm. NO: green, DAPI: blue. 
(C and D) Quantitative analysis of ROS and NO in each group. (E and F) SOD and MDA content in each group of human pulmonary microvascular endothelial cells. 
(G‑I) ELISA was performed to detect the expression levels of TNF‑α, IL‑6 and IL‑1β in each group. Data are expressed as the mean ± SEM of three independent 
experiments. Compared with the control group, **P<0.01 and ***P<0.001. Compared with the PQ group, #P<0.05, ##P<0.01 and ###P<0.001. AH2QDS, anthrahydro‑
quinone‑2,6‑disulfonate; PQ, paraquat; NO, nitric oxide; ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; ns, not significant.
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showed that the protein expression levels of VE‑cadherin, 
ZO‑1 and CD31 were significantly reduced in lung tissues 
in rats; however, these were significantly increased in the 
AH2QDS treatment group (Fig. 6F‑I).

AH2QDS ameliorates ALI by modulating the PI3K/AKT/eNOS 
signalling pathway. To further elucidate the underlying 
mechanisms of AH2QDS for the management of PQ‑induced 
endothelial dysfunction, the present study concentrated 

Figure 4. Effect of AH2QDS on cell migration and connexin. (A) Transwell assay was used to detect that AH2QDS ameliorates the PQ‑induced reduction in cell 
migration. Scale bar, 200 µm. (B) Number of migrating cells in the field of view. (C‑E) VE‑cadherin protein and ZO‑1 protein levels in each group of HPMECs 
were detected by western blotting. (F) Expression of ZO‑1 protein in each group of HPMECs was measured by confocal microscopy. Scale bar, 50 µm. ZO‑1: 
green, DAPI: blue. (G) ZO‑1 protein‑positive area in each group. Data are expressed as the mean ± SEM of three independent experiments. Compared with 
the control group, ***P<0.001. Compared with the PQ group, ##P<0.01. AH2QDS, anthrahydroquinone‑2,6‑disulfonate; PQ, paraquat; VE‑cadherin, vascular 
endothelial‑cadherin; ZO‑1, zonula occludens‑1; HPMECs, human pulmonary microvascular endothelial cells; ns, not significant.
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on the PI3K/AKT/eNOS signalling pathway. As shown in 
Fig. 7A‑C, in rat lung tissues, p‑PI3K and p‑Akt protein levels 
were elevated in the PQ group compared with the control 
group, whereas AH2QDS treatment reduced the protein levels 
of p‑PI3K and p‑Akt. As demonstrated in Fig. 7D and E, 
PQ increased eNOS expression in rat lung tissues, which 
was reversed to a certain extent by AH2QDS treatment. As 
revealed in Fig. 7F‑H, the protein levels of p‑PI3K and p‑Akt 
were elevated in HPMECs, whereas AH2QDS treatment 
suppressed the protein levels of p‑PI3K and p‑Akt, which 
was consistent with the results of the in vitro model. The 
results demonstrated that the PI3K/AKT/eNOS signalling 
pathway was involved in the beneficial effect of AH2QDS 
on PQ‑induced ALI. The mechanism of AH2QDS reducing 
PQ‑induced pulmonary microvascular permeability is 
presented in Fig. 8.

Discussion

PQ‑induced ALI/ARDS is an acute and life‑threatening lung 
disease with a mortality rate of 50‑70%  (4). Studies have 
demonstrated that PQ is absorbed into the bloodstream and 
first contacts endothelial cells, leading to oxidative stress, 
the inflammatory response and increased vascular perme‑
ability in pulmonary vascular endothelial cells. This induces 
pulmonary oedema, intra‑alveolar haemorrhage and inflam‑
matory cell infiltration (10,20,28,29), leading to death in severe 
cases (30,31). The mechanism by which PQ leads to endothe‑
lial cell dysfunction has not been clarified clinically and there 
is a lack of specific drugs and therapeutic options. Therefore, 
improving the dysfunction of the alveolar microvascular 
barrier could delay the progression of ALI/ARDS, and thus, 
improve patient survival (19). A recent study by the authors 

Figure 5. Effect of AH2QDS on PQ‑induced acute lung injury in SD rats. (A and B) H&E staining of lung tissue and scoring for assessment of lung injury. 
Scale bar, 100 µm. (C‑F) Detection of IL‑6, IL‑1β and TNF‑α protein levels in various groups of lung tissue by western blotting. Data are expressed as the 
mean ± SEM of three independent experiments. Compared with the control group, ***P<0.001. Compared with the PQ group, #P<0.05 and ##P<0.01. AH2QDS, 
anthrahydroquinone‑2,6‑disulfonate; PQ, paraquat; ns, not significant.
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Figure 6. Effect of AH2QDS on pulmonary microvascular permeability and connexin expression. (A and B) EB‑stained lung tissue and content of EB lung 
tissue for determination of lung permeability in rats. Red arrows point to EB exudation. (C‑E) Western blotting detection of VE‑cadherin and ZO‑1 protein 
levels in lung tissues of different groups of rats. (F) Immunohistochemical staining of VE‑cadherin, ZO‑1 and CD31 proteins in different groups. Scale bar, 
100 µm. (G‑I) Immunohistochemical analysis of VE‑cadherin, ZO‑1 and CD31 protein expression content in different groups of rat lung tissues. Data are 
expressed as the mean ± SEM of three independent experiments. Compared with the control group, **P<0.01 and ***P<0.001. Compared with the PQ group, 
#P<0.05 and ##P<0.01. AH2QDS, anthrahydroquinone‑2,6‑disulfonate; EB, Evans blue; ZO‑1, zonula occludens‑1; PQ, paraquat; ns, not significant.
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demonstrated that AH2QDS could specifically bind to PQ to 
reduce the PQ concentration in vivo and improve survival 
in SD rats (20). AH2QDS has both potent anti‑inflammatory 

and antioxidant properties and is effective in the treatment of 
PQ‑induced acute kidney injury. By constructing an in vitro 
model of PQ‑induced ALI in SD rats and an in vitro model of 

Figure 7. AH2QDS ameliorates PQ‑induced acute lung injury by modulating the PI3K/AKT/eNOS signalling pathway. (A‑C) Expression levels of p‑PI3K, 
PI3K, p‑Akt and AKT proteins in different groups of lung tissues were detected by WB. (D and E) Expression levels of eNOS proteins in different groups of 
lung tissues detected by WB. (F‑H) Expression levels of p‑PI3K, PI3K, p‑Akt and AKT proteins in different groups of human pulmonary microvascular endo‑
thelial cells were detected by WB. Data are expressed as the mean ± SEM of three independent experiments. Compared with the control group, **P<0.01 and 
***P<0.001. Compared with the PQ group, #P<0.05 and ##P<0.01. AH2QDS, anthrahydroquinone‑2,6‑disulfonate; PQ, paraquat; eNOS, eNOS, endothelial‑type 
nitric oxide synthase; p‑, phosphorylated; WB, western blotting; ns, not significant.
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PQ‑induced endothelial dysfunction in HPMECs, the present 
study revealed that AH2QDS has potential efficacy in treating 
PQ‑induced endothelial cell dysfunction. AH2QDS could 
attenuate PQ‑induced ALI by inhibiting oxidative stress, 
inflammatory responses, promoting cell migration, enhancing 
cell viability and inhibiting the PI3K/AKT/eNOS signalling 
pathway to reduce pulmonary microvascular permeability.

Endothelial dysfunction is a major pathogenic mechanism 
in ALI/ARDS (12,32,33). The integrity of the endothelial 
barrier is disrupted after endothelial cells are damaged by 
multiple pathogenic factors. TJs, AJs and migration of endothe‑
lial cells maintain vascular permeability and reduce exudation 
and inflammatory infiltration. These functions maintain endo‑
thelial barrier function and integrity (34‑36). In the present 
study, PQ‑induced ALI tissues were markedly damaged with 
increased pulmonary microvascular permeability. This was 
manifested by pulmonary oedema, haemorrhage and inflam‑
matory cell infiltration; lung injury assessment also verified 
that PQ‑induced ALI induced excessive ROS production 
and inflammatory responses. VE‑cadherin is the major TJ 
between endothelial cells. In ALI/ARDS, increased perme‑
ability following disruption of VE‑cadherin and its adhesion 
complexes occurs with increased lung tissue leakage (37). 
ZO‑1 is a key structure of AJs that directly affects lung barrier 
permeability. When ZO‑1 expression is inhibited, lung perme‑
ability increases and lung barrier function is impaired (38). 
CD31 is a vascular endothelial cell‑specific protein, and it has 
been similarly demonstrated that maintaining vascular integ‑
rity can effectively control the course of ALI/ARDS (39,40). 
The present study demonstrated that AH2QDS attenuated the 
PQ‑induced inflammatory response and oxidative stress in 
HPMECs, upregulated the decrease in VE‑cadherin and ZO‑1 

protein expression due to PQ, reduced pulmonary micro‑
vascular permeability, and ameliorated pulmonary oedema. 
Elevated levels of pro‑inflammatory mediators in the lungs of 
patients with ALI impair endothelial cell functions, including 
proliferation and migration (41,42). These toxic effects lead to 
an imbalance between vasodilation and constriction, acceler‑
ating endothelial dysfunction, disrupting vascular homeostasis, 
and leading to an increase in vascular permeability, which 
further exacerbates interstitial lung leakage. This is consistent 
with the present experimental results, which demonstrated that 
AH2QDS could markedly improve endothelial cell migration, 
promote endothelial cell migration to the site of injury and 
maintain the integrity of the pulmonary microvasculature. 
These data suggested that AH2QDS ameliorated PQ‑induced 
ALI by improving endothelial dysfunction.

In the present experiments, it was found that during the 
pre‑treatment of HPMECs with AH2QDS, exceeding a certain 
concentration range can adversely affect the cell viability 
of HPMECs. Firstly, as a reducing agent, excessive use of 
AH2QDS may disrupt the balance of intracellular redox 
reactions, and this imbalance could potentially damage the 
cell structure and function. Secondly, as a newly emerging 
drug, the stability of AH2QDS and its mechanism of interac‑
tion with cells still require further exploration. Furthermore, 
different cell types may exhibit varying reactions to AH2QDS, 
indicating that the impact of AH2QDS on cell viability is a 
complex and multifaceted process. This discovery not only 
reveals the issues that need to be addressed in the application 
of AH2QDS as a reducing agent, but also underscores its poten‑
tial in scientific research. Further studies and verifications are 
needed to gain a deeper understanding of the mechanism of 
action of AH2QDS, thereby providing new treatment strategies 

Figure 8. The mechanism of AH2QDS reducing PQ‑induced pulmonary microvascular permeability. AH2QDS, anthrahydroquinone‑2,6‑disulfonate; 
PQ, paraquat; ZO‑1, zonula occludens‑1.
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and potential drug candidates for medical fields such as ALI 
related to PQ.

In a previous study by the authors, KEGG pathway enrich‑
ment analysis revealed that the PI3K/AKT signalling pathway 
was the main signalling pathway for gene enrichment in lung 
tissues after PQ poisoning and AH2QDS treatment (26). The 
PI3K/AKT signalling pathway is important in the regulation of 
cell survival as well as repairing endothelial damage (43‑47). 
To further investigate the mechanism by which AH2QDS 
alleviated PQ‑induced ALI, the present study focused on the 
PI3K/AKT/eNOS signalling pathway. eNOS is an enzyme 
present in large quantities that is expressed in several cell types 
and promotes the production of NO. During inflammation, 
eNOS induces large amounts of NO production, generating 
peroxynitrite anion, which causes damage to the vascular 
endothelium and contributes to the development of inflamma‑
tion (48,49). eNOS serves as a downstream target of AKT, and 
the PI3K/AKT/eNOS signalling pathway is also an important 
signalling pathway in cells. The present study demonstrated 
that the expression levels of PI3K, AKT and eNOS were 
elevated in lung tissues after PQ intoxication, whereas the 
expression levels of PI3K, AKT and eNOS were significantly 
lower in lung tissues treated with AH2QDS compared with the 
previous ones. The NO fluorescence intensity was significantly 
higher in HPMECs compared with the control group, and 
significantly decreased after AH2QDS treatment compared 
with the PQ group. It was demonstrated that AH2QDS could 
inhibit the PI3K/AKT/eNOS signalling pathway to attenuate 
the inflammatory response of endothelial cells. Therefore, the 
present study revealed that the mechanism by which AH2QDS 
alleviated endothelial dysfunction during PQ‑induced ALI 
progression was related to the PI3K/Akt/eNOS signalling 
pathway.

In recent years, organoid technology has become an 
indispensable model system in lung research. Besides being 
cultivated from adult lung stem/progenitor cells, lung organ‑
oids can also be derived from fetal tissue or induced pluripotent 
stem cells, greatly filling the technological gap in modelling 
lung development in vitro (50). With continuous technological 
advancements, significant progress has been made in the char‑
acterization and refinement of organoid culture systems (51). 
The strategic implementation and continuous improvement 
of this technology will provide exciting new opportunities for 
us to deeply understand and explore new treatment methods, 
potentially leading to significant improvements in the health 
conditions of patients with lung diseases. With the continuous 
progress of organoid technology, its application exploration 
in the field of lung diseases is increasingly deepening. This 
3D spatial structure constructed by different types of epithe‑
lial cells, with its significant advantages of requiring a small 
number of samples and short construction time, has effectively 
compensated for the shortcomings of traditional 2D cell 
culture and animal models. Therefore, the organoid model has 
become an efficient in vitro model for lung disease research, 
drug screening and disease prediction, while also meeting 
strict ethical requirements for experiments. It is involved in 
multiple fields such as non‑specific inflammation, infection 
and lung tumors. Especially during the period of the novel 
coronavirus infection (COVID‑19), numerous researchers have 
actively attempted to use organoid technology to construct 

research models for COVID‑19 to explore effective treat‑
ment options, thereby reducing respiratory symptoms, risks 
of multi‑organ failure and mortality  (52,53). Additionally, 
some studies have demonstrated the great potential of 
organoid technology. For instance, Okabe et al  (54) found 
that orthotopic fetal lung tissue direct injection into the lungs 
of mice showed a preventive effect against PQ‑induced ALI. 
Meanwhile, Chen et al (55) discovered that luteolin enhances 
trans‑epithelial sodium transport in 3D alveolar epithelial 
organoid, effectively reducing respiratory symptoms. These 
studies have fully proven that organoid technology has broad 
application prospects in the field of personalized medicine.

In reviewing the current research, some limitations were 
indeed identified. Firstly, while the present study focused on 
the protective effect of AH2QDS on PQ‑induced lung micro‑
vascular endothelial dysfunction and its potential mechanism, 
it has not yet compared this finding with the latest progress in 
organoid research. As an emerging research tool, organoids have 
shown great potential in simulating human organ functions. 
Therefore, in future work, the authors will consider incorpo‑
rating the application of AH2QDS in organoid models into the 
research scope to further validate its effect and mechanism. 
Secondly, although the present study revealed the beneficial 
effects of AH2QDS on lung tissue, it has not yet deeply identi‑
fied the key genetic targets of its action. To fully understand 
the mechanism of AH2QDS, high‑throughput research such as 
proteomics will be conducted to find and validate the key genes 
and proteins related to the function of AH2QDS. Additionally, 
the present study primarily focused on the protective effect 
of AH2QDS on rat lung tissue, but it is unclear whether other 
organs can also benefit from it. To broaden the application 
range of AH2QDS, its protective effects will be investigated 
on other organs (including the heart and brain) in subsequent 
studies and explore its potential mechanisms. In terms of 
signaling pathway research, while the present study paid atten‑
tion to the importance of the PI3K/AKT signaling pathway in 
the action of AH2QDS, it lacks direct experimental evidence 
of intervention in this pathway. Therefore, PI3K inhibitors and 
activators will be introduced in subsequent studies to clarify 
the specific role of the PI3K/AKT signaling pathway in the 
action of AH2QDS. Finally, to more comprehensively evaluate 
the therapeutic effect of AH2QDS, comparative studies with 
other types of inhibitors will be conducted. Finally, to more 
comprehensively evaluate the therapeutic effect of AH2QDS in 
treating ALI, a series of comparative studies will be conducted. 
AH2QDS shall be compared with traditional Chinese medi‑
cines such as Yu‑Ping‑Feng‑San and Xuanfei Baidu Formula 
to explore their differences in improving ALI symptoms and 
reducing inflammatory responses. Additionally, AH2QDS 
shall be also compared with emerging synthetic drugs, such 
as inhalable nanomaterials and extracellular vesicles, which 
have shown potential value in the treatment of ALI in recent 
years. Through these comparative studies, it is expected to 
gain a more comprehensive understanding of the advantages 
and limitations of AH2QDS in treating ALI, providing a more 
scientific basis for future clinical applications. In summary, 
a series of follow‑up studies will be conducted to improve 
the mechanism of action and therapeutic effect evaluation of 
AH2QDS, aiming to provide new ideas and methods for the 
prevention and treatment of related diseases.
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In conclusion, AH2QDS attenuated PQ‑induced ALI 
by inhibiting the PI3K/Akt/eNOS signalling pathway, 
suppressing inflammatory responses and oxidative stress, 
promoting cell proliferation and migration, and reducing 
pulmonary vascular hyperpermeability. These findings 
suggested that AH2QDS may serve as an effective potential 
therapeutic agent for reversing ALI/ARDS outcomes caused 
by PQ.
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