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Abstract. Paraquat (PQ) causes serious oxidative stress 
and inflammatory responses, particularly to the lungs. 
Since lipoxin A4 (LXA4) functions as an anti‑inflammatory 
mediator, the present study aimed to explore its effects on 
PQ‑induced acute lung injury (ALI) and to elucidate the 
possible underlying mechanisms. PQ was administered to 
male Sd rats and RAW264.7 cells to establish a model of 
poisoning, and LXA4 was used as an intervention drug. 
LXA4 treatment attenuated PQ‑induced lung injury, and 
this was accompanied by decreased tumor necrosis factor 
(TNF)‑α and interleukin (IL)‑1β secretion levels, and 
reduced oxidative stress damage. Additionally, LXA4 treat‑
ment inhibited the activation of the inflammation‑related 
signaling molecules, Toll‑like receptor 4 (TLR4), myeloid 
differentiation primary response 88 (Myd88), nuclear 
factor (NF)‑κB p65, p‑phosphoinositide 3‑kinase (PI3K) 
and p‑AKT. Furthermore, the in vitro experiments further 
confirmed that the beneficial effects of LXA4 on PQ‑induced 
damage were TLR4‑dependent. Hence, the present study 
demonstrated that LXA4 attenuated PQ‑induced toxicity 
in lung tissue and RAW264.7 macrophages, and that this 
protective effect may be closely related to the mitigation of 
inflammatory responses, oxidative stress damage and the 
TLR4/Myd88‑mediated activation of the PI3K/AKT/NF‑κB 
pathway.

Introduction

Paraquat (PQ) is a highly effective and inexpensive contact 
heterocyclic herbicide and one of the most widely used pesti‑
cides in agriculture globally (1). PQ poisoning has a high 
mortality rate, with no specific antidote or effective treatment 
option (2). PQ can cause damage to the lungs, liver, kidney, 
heart and other organs, with lung damage being the most 
prominent. due to the strong dopamine absorption system in 
the lungs, PQ, which has a chemical structure similar to poly‑
amines, mainly accumulates in the lungs (3). consequently, 
PQ poisoning leads to acute lung injury (ALI) or even acute 
respiratory distress syndrome (ARdS), which is responsible 
for early death (4). The mechanisms through which PQ causes 
ALI are complex and unclear; however, the majority of studies 
have reported that the biological processes of redox response 
and inflammatory cascade reaction play important roles in PQ 
poisoning (5‑8).

Lipoxins (LXs) are a type of endogenous lipid media 
produced by arachidonic acid (AA) during sequential catalysis 
by different lipoxygenases. They can be divided into 4 types 
according to their molecular conformation (9), among which 
lipoxin A4 (LXA4) is generated via continuous oxidation 
catalysis. As a negative regulator of inflammation, LXA4 
functions as an anti‑inflammatory agent, promoting the 
resolution of inflammation, regulating immune function, and 
stimulating tissue and cell damage repair (10,11). In various 
inflammation‑related diseases, LXA4 inhibits the release of 
pro‑inflammatory factors and the infiltration of inflammatory 
cells, and promotes the chemotaxis and recruitment of macro‑
phages, thus enhancing their non‑inflammatory phagocytotic 
function (12,13). Furthermore, LXA4 inhibits ROS generation, 
preventing tissues or macrophages from oxidative stress‑medi‑
ated damage (14‑16). LXA4 has also been found to increase 
the activity of antioxidant enzymes in various organs, and 
to play a protective role in restoring the oxidant/antioxidant 
balance (17‑19).

However, the biological effects of LXA4 on PQ‑induced 
ALI have yet to be confirmed, at least to the best of our knowl‑
edge. Therefore, the aim of the present study was to investigate 
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the role of LXA4 in PQ‑induced ALI and to elucidate the 
possible underlying mechanisms.

Materials and methods

Animals. Specific pathogen‑free male SD rats (aged 6‑8 weeks; 
body weight, 250‑300 g; n=40), purchased from Beijing 
HFK Bioscience co. Ltd, were allowed to acclimatize in the 
laboratory at the Experimental Animal center of Shengjing 
Hospital of china Medical University for 1 week with free 
access to food and drink. The animals were maintained under 
a controlled temperature (20‑25˚C) and constant humidity 
(40‑70%), and were subjected to a natural photoperiod (12/12 h 
light/dark cycle). The experiments were approved by the Ethics 
committee of Shengjing Hospital of china Medical University 
(approval no. 2019PS656K). All procedures involving animals 
were performed in accordance with the ARRIVE guidelines 
and the National Institutes of Health Guidelines for the care 
and Use of Laboratory Animals (NIH Publications no. 8023, 
revised in 1978).

Establishment of animal models. The rats were randomly divided 
into 4 groups as follows: The control (cON; n=10), PQ poisoning 
(PQ; n=10), PQ poisoning + lipoxin A4 (PQ + LXA4; n=10) 
and LXA4 (n=10) groups. The rats in the PQ and PQ + LXA4 
groups were intraperitoneally injected with PQ (Sigma‑Aldrich; 
Merck KGaA) at a dose of 20 mg/kg (6,20), while an equivalent 
volume of saline was injected into the rats in the cON and 
LXA4 groups. At 1 h after the PQ or saline injection, the rats 
in the PQ + LXA4 and LXA4 groups were injected daily with 
LXA4 diluted to 0.1 mg/ml in saline (cayman chemical co.) 
at a dose of 2 µg/kg through the tail vein (21,22), while the PQ 
and cON groups were treated with an injection of equal volume 
of normal saline. The rats were sacrificed by an overdose of 
sodium pentobarbital (>150 mg/kg) injected intraperitoneally 
following exposure to PQ for 48 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. Subsequently, bronchoalveolar lavage 
fluid (BALF) and lung specimens were collected.

Analysis of lung wet/dry weight ratio. The upper lobe of the 
right lung was collected following exposure to PQ and the 
wet weight was obtained. The lung tissues were then placed 
in an oven at 80˚C for 48 h and weighed again to obtain the 
dry weight. Finally, the lung wet/dry (W/d) weight ratio was 
assessed to assess the severity of pulmonary edema.

H&E staining and scoring of lung injuries. The middle lobe of 
the right lung was collected, placed in 4% paraformaldehyde, 
and fixed at 4˚C for at least 48 h. Lung tissues were further 
subjected to concentration gradient dehydration and wax 
dipping; the tissues were then embedded in paraffin, cut into 
3.5‑µm‑thick slices. The sections were deparaffinized with 
xylene, hydrated, then incubated with hematoxylin for 3 min, 
washed and stained with eosin for 1 min at room temperature. 
Subsequently, the sections were dehydrated with gradient 
ethanol for 20 min, immersed in xylene to be transparent for 
2 min, washed and finally sealed with a neutral gel. After 
sealing the slides with neutral gum, pathological changes 

were observed using a microscope (Nikon corporation) and 
recorded using NIS‑Element software (version 4.6). Pulmonary 
injury was then scored according to previously described 
methods (23). Briefly, the following 5‑level scale was applied 
to independently score the pathological changes (alveolar 
congestion, hemorrhage, and wall thickening, coupled with 
neutrophil infiltration or aggregation in the alveolar space or 
blood vessel wall and transparent membrane formation) as 
follows: 0, 1, 2, 3 and 4 points represented no or minor, mild, 
moderate, severe and extremely severe lesions, respectively. 
Finally, the severity of pulmonary injury was evaluated by the 
sum of the scores of each pathological feature.

Measurement of superoxide dismutase (SOD) content in lung 
tissues. The lung tissues were weighed accurately; the homog‑
enates [10% (w/v)] were resuspended in normal saline and 
centrifuged at 2,500‑3,000 x g at 4˚C for 10 min. Following 
instructions provided with the SOd kit (Nanjing Jiancheng 
Bioengineering Institute), the supernatants were added to a 
96‑well plate, mixed, and incubated at 37˚C for 20 min. The 
absorbance of the sample was measured at 450 nm using a 
microplate reader (Elx800, BioTek Instruments, Inc.).

Detection of malondialdehyde (MDA) content in lung tissues. 
The thiobarbituric acid (TBA) method was used to determine 
the MdA levels in lung tissue by measuring the absorbance 
value at 532 nm using a microplate reader (Elx800, BioTek 
Instruments, Inc.), according to the instructions provided with 
the MdA kit (Nanjing Jiancheng Bioengineering Institute).

Cells and cell culture. RAW264.7 cells were obtained from the 
cell Bank Type culture collection of the chinese Academy 
of Sciences. RAW264.7 mouse macrophages were cultured in 
high‑glucose Dulbecco's modified Eagle's medium (DMEM), 
containing 10% fetal bovine serum (FBS) and incubated 
at 37˚C with 5% CO2 in a humidified atmosphere. The culture 
medium was changed daily.

Cell viability assay. Various concentrations of PQ (10, 50, 100, 
250, 500 and 1,000 µm) or LXA4 (0, 1, 10, 25, 50, 100, 500 
and 1,000 nm) were applied to determine the appropriate PQ 
and LXA4 experimental concentrations. The effects of PQ or 
LXA4 on cell viability were assessed using a cell counting 
kit‑8 (ccK‑8) kit (dojindo Laboratories, Inc.).

Cell transfection. The GV417 vector‑Toll‑like receptor 4 
(TLR4) plasmid (Shanghai Genechem co., Ltd.) was 
transfected into the cells to achieve the overexpression of 
TLR4. Specifically, when cells grew to a density of 70‑90%, 
Lipofectamine 3000 reagent (Thermo Fisher Scientific, Inc.) 
and the TLR4 overexpression plasmid at the concentration 
of 10 µg/ml were applied for transfection according to the 
manufacturer's instructions. Following 24 h of transfection, 
the expression level of TLR4 was evaluated by western bot 
analysis and reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPcR).

Establishment of cell models. After selecting the optimal 
concentration of PQ or LXA4, the RAW264.7 mouse 
macrophages were divided into 6 groups as follows: i) The 
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control (cON) group, cultured in normal medium; ii) PQ 
poisoning (PQ) group, exposed to medium containing PQ 
(100 µm) for 24 h; iii) PQ poisoning + LXA4 (PQ + LXA4) 
group, at the point of 1‑h exposure to PQ (100 µm), the 
cells were treated with 10 µl LXA4 (100 nm) for a further 
24 h; iv) PQ poisoning + LXA4 + GV417‑TLR4 plasmid 
(PQ + LXA4 + TLR4) group, after 24 h of TLR4‑plasmid 
transfection, the cells were treated as described above for the 
PQ + LXA4 group; v) PQ poisoning + LXA4 + empty plasmid 
(PQ + LXA4 + mock) group, after 24 h of empty vector‑plasmid 
transfection, the cells were then treated as described above for 
the PQ + LXA4 group; and vi) The LXA4 group, cells were 
only treated with 10 µl LXA4 (100 nm) for 24 h. Following 
24 h of treatment, the cells and culture supernatants were 
collected for use in subsequent experiments.

Reactive oxygen species (ROS) assays. After removing the cell 
culture solution, dcFH‑dA was added, which was diluted in 
serum‑free medium to each plate well, followed by incubation 
in an incubator at 37˚C for 30 min. The cells were then washed 
3 times with serum‑free medium. Images were obtained under 
a fluorescence microscope (Nikon Corporation).

Determination of pro‑inflammatory mediators. commercially 
available ELISA kits (EK0526, EK0527, EK0390 and EK0394, 
Wuhan Boster Biological Technology, Ltd.) were used to 
measure the tumor necrosis factor (TNF)‑α and interleukin 
(IL)‑1β levels in BALF and cell supernatants. The TNF‑α and 
IL‑1β levels were calculated according to the standard curve 
established by the concentration range.

RT‑qPCR. Total RNA was extracted from the lung tissue 
and RAW264.7 macrophages using RNAiso Plus reagent 
(9108, Takara Bio, Inc.). complementary dNA (cdNA) 
was synthesized using the PrimeScript RT (with gdNA 
eraser) kit (RR047A, Takara Bio, Inc.). Subsequently, qPcR 
was performed using the TB Green Premix Ex Taq™ II 
(Tli RNaseH Plus) kit (RR820A, Takara Bio, Inc.) on the 
Roche Light cycler 480 system. We carry out the thermocy‑
cling according to the following procedure: Initial denaturation 
at 95˚C for 30 sec, followed by 40 cycles of 5 sec denaturation 
at 95˚C, annealing and extension at 60˚C for 20 sec. β‑actin 
was used as an internal control, and the 2‑ΔΔcq formula was 
used to calculate relative gene expression. The sequences of 
the primers used in the present study are listed in Table I.

Western blot analysis. RIPA lysis buffer mixed with protease 
inhibitor (PMSF) and phosphatase inhibitor (PI) was prepared 
to extract total protein from the lung tissues or RAW264.7 
following exposure to PQ. Nuclear and cytoplasmic protein 
extraction kits (P0028, Beyotime Institute of Biotechnology) 
were used to isolate nuclear and cytoplasmic proteins. The 
concentration of the extracted protein was measured using a 
BcA assay kit (P0010, Beyotime Institute of Biotechnology), 
and a total of 50 µg protein sample was loaded onto each 
well of a 10% sodium dodecyl sulfate polyacrylamide gel for 
electrophoresis. Following electrophoresis, the proteins were 
transferred onto a polyvinylidene fluoride (PVDF) membrane 
followed by incubation in 5% skim milk or 5% BSA blocking 
solution on a rotary shaker at room temperature for 2 h. 

Subsequently, the membranes with proteins were incubated 
on a shaker at 4˚C overnight with the following primary 
antibodies: TLR4 (1:1,000, #AF7017), myeloid differen‑
tiation primary response 88 (Myd88; 1:1,000, #AF5195), 
phosphoinositide 3‑kinase (PI3K; 1:1,000, #AF6241), phos‑
phorylated (p‑)PI3K (1:1,000, #AF3242) (all from Affinity 
Biosciences); AKT (1:1,000, #4691), p‑AKT (1:2,000, #4060), 
IκBα (1:1,000, #4814) and p‑IκBα (1:1,000, #2859) (all from 
cell Signaling Technology, Inc.); nuclear factor (NF)‑κB p65 
(1:500, ab16502, Abcam); TATA box binding protein (TBP; 
1:2,000, #22006‑1‑AP) and β‑actin (1:2000, #20536‑1‑AP) 
(both from ProteinTech Group, Inc.). The following day, the 
membranes were washed using Tris‑buffered saline with 
Tween‑20 (TBST; Sigma‑Aldrich; Merck KGaA) 3 times 
and incubated with the HRP‑conjugated secondary antibody 
(#ZB‑5301, ZSJQB co., Ltd.) for 1 h at room temperature. 
After washing a further 3 times, enhanced chemilumines‑
cence (ECL) (KF003‑100, Affinity Biosciences) solution was 
applied to visualize the immunoreactive bands, and ImageJ 
(version 1.8.0) software was used for quantitative image 
analysis.

Table I. Primer sequences of the genes detected by RT‑qPcR.

Gene Primer sequences (5'‑3')

Rat TLR4 F: AcTTTATccAGAGccGTTGGTGTATc
 R: TcAAGGAcAATGAAGATGATGccAGAG
Rat Myd88 F: cGGcAAcTAGAAcAGAcAGAcTATcG
 R: TcGTcAGAAAcAAccAccAccATG
Rat TNF‑α F: ccAcGcTcTTcTGTcTAcTGAAcTTc
 R: TGGGcTAcGGGcTTGTcAcTc
Rat IL‑1β F: AATcTcAcAGcAGcATcTcGAcAAG
 R: TccAcGGGcAAGAcATAGGTAGc
Rat TRAM F: TcGcAAGAAGAGcAAcAAGAAccc
 R: AGAGcATcGccAGAcAGGAGAc
Rat TRIF F: GTcGcGGAAGTGTGAcTAGAAGAG
 R: TGcAGcTAccAGAAAcccTccTc
Rat β‑actin F: TGTcAccAAcTGGGAcGATA
 R: GGGGTGTTGAAGGTcTcAAA
Mouse TLR4 F: GccATcATTATGAGTGccAATT
 R: AGGGATAAGAAcGcTGAGAATT
Mouse F: cGGAAcTTTTcGATGccTTTAT
Myd88 R: cAcAcAcAAcTTAAGccGATAG
Mouse F: ATGTcTcAGccTcTTcTcATTc
TNF‑α R: GcTTGTcAcTcGAATTTTGAGA
Mouse IL‑1β F: TcGcAGcAGcAcATcAAcAAGAG
 R: AGGTccAcGGGAAAGAcAcAGG
Mouse F: GAcAGTGTGGATGccGATcAAGAc
TRAM R: TGGTccTGcTcTccTGTTGGTG
Mouse TRIF F: AcGATccTGcTccTGAcTGcTAG
 R: TccTGccTcccAGAcTGTGTAAG
Mouse Actb F: GTGcTATGTTGcTcTAGAcTTcG
 R: ATGccAcAGGATTccATAcc
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Statistical analysis. The data are expressed as the 
means ± standard deviation (Sd). One‑way analysis of vari‑
ance (ANOVA) and Tukey's test was performed to analyze the 
statistical differences between each group. A P‑value <0.05 was 
considered to indicate a statistically significant difference. All 
statistical analyses were performed using Graphpad Prism 7.0 
software.

Results

LXA4 alleviates lung histopathological damage induced by 
PQ. As shown in Fig. 1A, histopathological injuries were 
observed in the PQ group, reflected by alveolar structure 
destruction, alveolar congestion or bleeding, alveolar cavity 
collapse, inflammatory cell infiltration and the formation of 
transparent film in part of the alveolar cavity. In the poisoned 
group treated with LXA4, the histopathological injuries were 
all attenuated, together with decreased pulmonary hemorrhage 
and edema. Significant histopathological differences were not 
observed between the cON and LXA4 groups. The histo‑
logical scores of the PQ group were significantly higher than 
those of the cON group, while the use of LXA4 substantially 
attenuated the lung injury scores (Fig. 1B).

LXA4 reduces the lung W/D weight ratio in rats exposed to 
PQ. The lung W/d weight ratio was measured in each group of 
rats to confirm the protective effects of LXA4 on pulmonary 
edema induced by PQ. As shown in Fig. 1c, the W/d ratio of 
the PQ‑treated rat lungs was higher compared to that of the 
cON group, but was markedly reduced by LXA4.

LXA4 attenuates the inhibitory effects on the viability of 
RAW264.7 cells induced by PQ. ccK‑8 assay was used to 
evaluate the optimal concentration of PQ for use in subse‑
quent experiments. The results suggested that the inhibitory 
effect of PQ on the viability of RAW264.7 cells occurred in 
a concentration‑dependent manner. When the PQ concentra‑
tion was ≥100 µM, RAW264.7 cell viability was markedly 
inhibited (Fig. 2A). Therefore, PQ at 100 µM was used as the 
optimum dose in subsequent in vitro experiments. The same 
method was used to determine the possible toxic effects of 
LXA4 on RAW264.7 macrophages and the optimal concentra‑
tion of LXA4 that could reduce PQ cytotoxicity. Notably, in 
the present study, it was found that treatment with LXA4 alone 
had no toxic effect on the RAW264.7 cells (Fig. 2B), and when 
the LXA4 concentration was 100 nM, its ability to reduce PQ 
cytotoxicity was optimal (Fig. 2c). Thus, the concentration of 

Figure 1. LXA4 alleviates PQ‑induced lung damage in rats. (A) Lung tissue damage assessment by H&E staining, (B) lung injury score evaluation, and (c) lung 
W/d ratios in each group. data are presented as the means ± Sd (n=10). #P<0.05 vs. the cON group. *P<0.05 vs. the PQ group. ns, not significant (P>0.05) vs. 
the cON group. LXA4, lipoxin A4; PQ, paraquat.
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100 nM LXA4 was selected as the optimum dose for use in 
subsequent studies.

LXA4 reduces oxidative stress in lung tissues and ROS 
generation in RAW264.7 macrophages. As shown in Fig. 3A 
and B, lung SOD activity significantly decreased following 
exposure to PQ, while the MdA content markedly increased; 
however, LXA4 treatment significantly restored SOD activity 
and decreased the MdA content. The ROS expression level in 
the RAW264.7 macrophages increased significantly following 
exposure to PQ, whereas this decreased upon treatment with 
LXA4 (Fig. 3c). These results indicated that LXA4 exerted 
beneficial effects on PQ‑induced oxidative damage.

LXA4 inhibits the PQ‑induced increase in the levels of 
pro‑inflammatory cytokines. ELISA was used to measure the 
levels of pro‑inflammatory factors in BALF and RAW264.7 
cell supernatants. The results revealed that PQ markedly 
increased TNF‑α and IL‑1β secretion, while LXA4 treat‑
ment significantly reduced these levels (Figs. 4A and B). 
Simultaneously, the mRNA expression of inflammatory 
factors was determined to further evaluate the effects of 
LXA4 on PQ. The results revealed that the expression levels 
of TNF‑α and IL‑1β were significantly upregulated in lung 
tissues and RAW264.7 cells following PQ exposure, whereas 
LXA4 administration reversed these effects (Fig. 4c and d).

LXA4 inhibits PQ‑induced TLR4 and MyD88 overexpression. 
In order to explore the possible immune mechanisms responsible 

for the protective effects of LXA4 against PQ‑induced ALI, 
RT‑qPcR and western blot analysis were performed to detect 
the mRNA and protein levels of key molecules participating in 
the TLR4 signaling pathway in rat lung tissues and RAW264.7 
cells. As shown in Fig. 5, LXA4 administration significantly 
reduced the elevated levels of TLR4 and Myd88 induced by 
PQ. However, as for the other pathway mediated by TLR4, 
also known as the Myd88‑independent pathway, there was 
no significant difference in the mRNA expression levels of 
TRAM and TRIF between the PQ and PQ + LXA4 group. 
These results indicated that PQ poisoning activated the TLR4 
signaling pathway and that the protective effects of LXA4 
were mediated by the Myd88‑dependent pathway of TLR4.

LXA4 suppresses the activation of the NF‑κB pathway. The 
activation of TLR4/Myd88 stimulates IκBα phosphorylation 
and the nuclear transfer of NF‑κB p65, thereby activating the 
release of pro‑inflammatory cytokines (24,25). Therefore, 
the present study examined the effects of PQ and LXA4 on 
the NF‑κB signaling pathway to elucidate the mechanisms 
through which LXA4 inhibits PQ‑induced inflammation. The 
results from the in vitro and in vivo experiments indicated that 
PQ significantly promoted the process of IκBα degradation 
to p‑IκBα, leading to an increase in the transfer of NF‑κB 
p65 to the nucleus. However, in the PQ + LXA4 group, the 
PQ‑induced overactivation of the NF‑κB signaling pathway 
was markedly attenuated (Fig. 6), indicating that inflammatory 
responses could be inhibited by LXA4 via the suppression of 
the NF‑κB pathway.

Figure 2. LXA4 facilitates the viability of RAW264.7 cells. (A) RAW264.7 cell viability was suppressed when cells were treated with various PQ concentra‑
tions. (B) LXA4 had no toxic on RAW264.7 cells. (c) LXA4 improved RAW264.7 cell viability. data are presented as the means ± Sd (n=3). LXA4 was added 
1 h prior to PQ treatment. LXA4, lipoxin A4; PQ, paraquat.
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LXA4 suppresses the activation of the PI3K/AKT pathway. 
Previous studies (26‑28) have demonstrated that activated 
TLR4/Myd88 can also activate the PI3K/AKT signaling 
pathway and induce inflammatory responses. Therefore, the 
present study investigated whether the PI3K/AKT signaling 
pathway was also involved in the anti‑inflammatory effects of 
LXA4 to further clarify the cellular mechanisms responsible 
for the protective effects of LXA4 on PQ‑induced ALI. As 

shown in Fig. 7, PQ stimulation significantly upregulated 
the phosphorylation of PI3K and AKT, both of which were 
suppressed by LXA4 intervention. These results indicated that 
the activation fo the PI3K/AKT pathway induced by PQ was 
inhibited by LXA4.

Mitigated protection of LXA4 following the enforced 
overexpression of TLR4. In order to determine whether 

Figure 3. LXA4 attenuates the degree of oxidative stress. (A) SOD activity in rat lung tissues. (B) MDA content in rat lung tissues. (C) The fluorescent probe, 
dcFH‑dA, was used to assess the ROS levels in RAW264.7 cells. data are presented as the means ± Sd (n=10 in vivo). #P<0.05 vs. the cON group. #P<0.05 
vs. the cON group. *P<0.05 vs. the PQ group. ns, not significant (P>0.05) vs. the CON group. LXA4, lipoxin A4; PQ, paraquat.

Figure 4. LXA4 inhibits the expression levels of TNF‑α and IL‑1β. The expression levels of TNF‑α and IL‑1β in (A) BALF and (B) the culture supernatants of 
RAW264.7 cells. mRNA expression levels of TNF‑α and IL‑1β in (c) rat lungs and (d) RAW264.7 cells. data are presented as the means ± Sd (n=10 in vivo, 
n=6 in vitro). #P<0.05 vs. the cON group. *P<0.05 vs. the PQ group. ns, not significant (P>0.05) vs. the CON group. LXA4, lipoxin A4; PQ, paraquat.
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the protective effects of LXA4 PQ poisoning are mediated 
by the suppression of TLR4, a GV417‑TLR4 plasmid was 
constructed, and rescue experiments were conducted in vitro. 
As shown in Fig. 8A, the protein and mRNA expression of 
TLR4 was significantly higher in the TLR4 overexpression 
group than that in the cON and mock‑transfection groups. 
The results also revealed that the enforced overexpression 
of TLR4 reversed the protective effects of LXA4 against 
PQ‑induced ROS production and pro‑inflammatory cytokine 
secretion (Fig. 8B and c). In addition, the Myd88, NF‑κB 
and PI3K/AKT pathways inhibited by LXA4 were all 
re‑activated following transfection with TLR4 overexpression 
plasmid (Fig. 9). Therefore, these findings verified that LXA4 
exerted protective effects against PQ poisoning through the 
suppression of TLR4 and its downstream Myd88‑mediated 
NF‑κB/PI3K/AKT signaling pathway.

Discussion

PQ is a highly toxic chemical herbicide and one of the most 
common drugs that causes acute poisoning and severe damage 
to multiple organs. Previous studies have proven that the lungs 
are a specific target organ for pathological damages caused 
by PQ (29). After PQ enters the body, it rapidly becomes 
transported into the lung tissue through the polyamine trans‑
portation system, resulting in ALI or even ARdS in the early 
stage of poisoning. currently, the mechanism of PQ‑induced 
ALI is mainly attributed to oxidative stress and inflamma‑
tory response. In the present study, LXA4 was confirmed for 
the first time to effectively attenuate lung damage caused by 
PQ, and this protective effect was reflected by the inhibition 
of pulmonary edema, inflammatory responses and oxida‑
tive stress. Simultaneously, it was found that this beneficial 

Figure 5. LXA4 inhibits TLR4 and Myd88 overexpression induced by PQ. Western blot analysis was performed to assess the protein levels of TLR4 and 
Myd88 in (A) rat lung tissues and (B) RAW264.7 cells. RT‑qPcR analyses were performed to determine the gene levels of TLR4, Myd88, TRAM and TRIF 
in (c and E) rat lungs and (d and F) RAW264.7 cells. data are presented as the means ± Sd (n=10 in vivo, n=6 in vitro). #P<0.05 vs. the cON group. *P<0.05 
vs. the PQ group. ns, not significant (P>0.05) vs. the CON group. ##P>0.05 vs. the PQ group. LXA4, lipoxin A4; PQ, paraquat.
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effect of LXA4 was associated with the suppression of 
the TLR4/Myd88‑mediated NF‑κB/PI3K/AKT signaling 
pathway.

LXA4 is an anti‑inflammatory mediator produced by 
the body itself during the late stage of acute inflamma‑
tion. Previous studies have confirmed its protective effects 
against inflammation in some diseases, such as neuro‑
myelitis optical spectrum disorders (30), obesity‑induced 
adipose inflammation (31) and cerebrovascular endothe‑
lial dysfunction (32). The results from the present study 
suggested that PQ caused typical ALI and induced severe 
inflammatory responses in lung tissues and RAW264.7 
macrophages, mainly manifested by the destruction of 

alveolar integrity, inflammatory cell infiltration, alveolar 
wall thickening, pulmonary edema and upregulated levels 
of related pro‑inflammatory cytokines. Following LXA4 
intervention, these injuries and overactive inflammatory 
responses were alleviated.

SOD activity reflects the ability of the body to scavenge 
oxygen‑free radicals and is often used as a marker of the 
antioxidant status of the body (33), while MDA levels reflect 
the degree of oxidative stress damage to the body (34). PQ 
poisoning not only induces excessive ROS production and 
impairs ROS clearance, leading to oxidative stress reactions, 
but also interrupts the balance between SOd and MdA, which 
is important for the antioxidant capacity of the body. However, 

Figure 6. LXA4 suppresses the activation of the NF‑κB pathway. detection of NF‑κBp65 nuclear protein levels in (A) rat lung tissues and (B) RAW264.7 cells 
by western blot analysis. Observation of total IκBα and p‑IκBα protein in (c) rat lungs and (d) RAW264.7 cells. data are presented as the means ± Sd (n=10 
in vivo, n=6 in vitro). #P<0.05 vs. the cON group. *P<0.05 vs. the PQ group. ns, not significant (P>0.05) vs. the CON group. LXA4, lipoxin A4; PQ, paraquat.
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in the present study, following LXA4 treatment, these condi‑
tions improved, as LXA4 restored the balance between SOd 
and MdA, thus enhancing the ability of the body to resist 
oxidative stress damage.

TLRs serve as significant pattern recognition receptors 
in the host defense system and recognize damage‑associated 
molecular patterns (dAMPs) released by non‑infectious 
stimuli (35,36). due to the ability to recognize PQ‑induced 
DAMP, TLR4 activates a downstream cascade of inflamma‑
tory signals through the Myd88‑dependent pathway (37‑39). 
consistent with the study by Shen et al (24), the present study 

found that TLR4 and MyD88 expression significantly increased 
following exposure to PQ, and similar trends were observed 
in the downstream molecules of TLR4 and Myd88 (such as 
NF‑κB p65, TNF‑α and IL‑1β). Owing to the beneficial effects 
of inhibiting the inflammatory factors, TLR4 and MyD88, the 
present study investigated whether the protective effects of 
LXA4 were closely related to TLR4 and Myd88 suppression. 
The results of the present study suggested that LXA4 inhibited 
the expression levels of TLR4, Myd88, and their downstream 
inflammatory cytokines, whereas had no effect on TRAM and 
TRIF, indicating that the anti‑inflammatory effects of LXA4 

Figure 7. LXA4 suppresses the activation of the PI3K/AKT pathway induced by PQ. Western blot analysis was performed to detect the protein levels of 
total‑PI3K, p‑PI3K, total AKT and p‑AKT in (A and B) rat lung tissues and (c and d) RAW264.7 cells. data are presented as the means ± Sd (n=10 in vivo, 
n=6 in vitro). #P<0.05 vs. the cON group. *P<0.05 vs. the PQ group. ns, ns1, ns3, not significant (P>0.05) vs. the CON group; ns2, not significant (P>0.05) vs. 
the PQ group. LXA4, lipoxin A4; PQ, paraquat.
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Figure 8. Mitigated protection of LXA4 following the enforced overexpression of TLR4. (A) Western blot analysis and RT‑qPcR were performed to determine 
the expression of TLR4 protein and mRNA in the GV417‑TLR4‑transfected RAW264.7 cells. data are presented as the means ± Sd (n=3). #P<0.05 vs. the cON 
group. *P<0.05 vs. the mock group. ns, not significant (P>0.05) vs. the CON group. (B) The fluorescent probe, DCFH‑DA, was used to assess the ROS expression 
levels in the GV417‑TLR4‑transfected RAW264.7 cells. (c) The expression levels of TNF‑α and IL‑1β in the culture supernatants and mRNA expression levels 
of TNF‑α and IL‑1β in RAW264.7 cells. data are presented as the means ± Sd (n=6). #P<0.05 vs. the PQ + LXA4 group. *P<0.05 vs. the PQ + LXA4 + mock 
group. ns, not significant (P>0.05) vs. the PQ + LXA4 group. LXA4, lipoxin A4; PQ, paraquat; TNF‑α, tumor necrosis factor α; IL‑1β, interleukin 1β.
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on PQ may be attributed to the suppression of the TLR4 and 
Myd88‑dependent signaling pathway.

The NF‑κB transcription factor, a typical pro‑inflamma‑
tory signaling factor, has long been considered a downstream 
transduction factor of TLR4/Myd88, and this feature is 
based on its critical effect on promoting the release of 
pro‑inflammatory cytokines (40‑42). Ideally, the RelA/p65 

and p50 subunits of NF‑κB constitute heterodimers, which 
bind to IκBα (the NF‑κB inhibitor), keeping NF‑κB inac‑
tive in the cytoplasm. Stimulated by external injuries, IκBα 
becomes phosphorylated and degraded, thereby promoting 
NF‑κB activation and translocation to the nucleus, where 
activated NF‑κB promotes the occurrence and development 
of downstream inflammatory reactions (43‑45). The results 

Figure 9. Mitigated protection of LXA4 following the enforced overexpression of TLR4. detection of (A) Myd88, and (B) total PI3K, p‑PI3K, total AKT and 
p‑AKT protein expression, and (c) observation of NF‑κB p65 nuclear protein, total IκBα and p‑IκBα protein levels in RAW264.7 cells by western blot analysis. 
data are presented as the means ± Sd (n=6). #P<0.05 vs. the PQ + LXA4 group. *P<0.05 vs. the PQ + LXA4 + mock group. ns, not significant; ns3, P>0.05 
vs. the PQ + LXA4 group; ns1, P>0.05 vs. the PQ + LXA4 + TLR4 group; ns2, P>0.05 vs. the PQ + LXA4 + mock group. LXA4, lipoxin A4; PQ, paraquat.
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of the present study demonstrated that LXA4 decreased 
the PQ‑induced IκBα phosphorylation and facilitated IκBα 
degradation, resulting in the reduced nuclear transfer of 
NF‑κB p65. Therefore, it was confirmed that the beneficial 
effects of LXA4 on PQ poisoning were associated with the 
inhibition of the NF‑κB pathway.

The PI3K/AKT pathway, which is closely related to 
TLR4/Myd88 (46) and reported as a regulator of NF‑κB, can 
enhance the transcriptional activity and nuclear transloca‑
tion of NF‑κB, participate in multiple cell signal activations 
and regulate the expression of several inflammatory media‑
tors (47,48). Similarly, the results of the present study indicated 
that PQ stimulation increased the p‑PI3K and p‑AKT expres‑
sion levels, which were downregulated following treatment 
with LXA4. Since the PI3K/AKT signaling pathway is demon‑
strated as a key regulator of NF‑κB activation by targeting the 
transactivation domain of NF‑κB p65 in an IKKβ‑dependent 
manner (49), nuclear NF‑κB downregulation may be partly due 
to the inhibitory effects of LXA4 on the PI3K/AKT pathway.

To further verify the effect of LXA4 on TLR4/
Myd88‑mediated NF‑κB/PI3K/AKT signaling pathway, 
the present study constructed a GV417‑TLR4 plasmid and 
explored the related changes. The results suggested that the 
enforced overexpression of TLR4 abrogated the protective 
effects of LXA4, with the emphasis on re‑elevated ROS 
production, re‑enhanced pro‑inflammatory cytokine levels 
and re‑activated the Myd88 and NF‑κB/PI3K/AKT signaling 
pathways.

In conclusion, the in vitro and in vivo experiments of the 
present study demonstrated that LXA4 negatively regulated 
PQ‑induced inflammation and oxidative stress through the 
PI3K/AKT/NF‑κB pathway mediated by TLR4 and Myd88, 
possibly providing a novel therapeutic strategy against 
PQ‑induced toxicity. However, in the present study, it was not 
determined whether other signaling pathways, such as FPR2, 
HMGB1, MAPK and NLRP3, are also involved in the protec‑
tive effects of LXA4 on PQ‑induced ALI. Therefore, further 
research is required on the functions of LXA4.
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