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Toll-like receptor 4 implicated in acute lung injury  
induced by paraquat poisoning in mice
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Abstract: Objective: To investigate the possible relationship and mechanism of Toll-like receptor 4 (TLR4) and acute 
lung injury induced by paraquat (PQ) poisoning. Methods: Male wild type mice and male TLR4-knockout mice were 
used in this study. After paraquat treatment for 24 hours, mice were euthanized and pathology, TLR4 expression 
and pro-inflammatory cytokines were evaluated. Results: Wild type mice showed deteriorated lung injury, pathologi-
cal damages and increased TLR4 expression and pulmonary TNF-α, IL-1β and NF-κB p65 levels after PQ treatment. 
TLR4-deficient mice were significantly resistant to paraquat-induced lung injury. Conclusion: TLR4 may be required 
as a mediator and may play an important role in acute lung injury induced by paraquat.

Keywords: Paraquat, poisoning, acute lung injury, Toll-like receptor 4, inflammation

Introduction

Paraquat (PQ) is the most widely used herbi-
cide in the world [1]. It is the most lethal pesti-
cide, with a mortality of nearly 60-80% when 
ingested by humans [2]. PQ is absorbed into 
the bloodstream through the gastrointestinal 
tract and concentrates primarily in the lungs 
[3]. Lung concentrations are 10 to 90 times 
higher than in the bloodstream [4]. Thus, lung 
injury is particularly severe with rapid progres-
sion after PQ poisoning. Rapid emergence of 
early pulmonary edema, pulmonary hemor-
rhage and atelectasis develops into irreversible 
pulmonary fibrosis, which is the primary cause 
of death [5]. However, the mechanism of para-
quat poisoning is not yet fully understood and 
there is no effective antagonist treatment. 
Therefore, studying the mechanism and treat-
ment of PQ poisoning is important.

Toll-like receptor 4 (TLR4) is an innate immune 
system cell transmembrane receptor and a 
pathogen pattern recognition receptor. It plays 
an important role in regulating acute inflamma-
tory responses, cell signaling transduction and 
apoptosis. TLR4 can mediate production of 
inflammatory cytokines, such as tumor necro-

sis factor-α (TNF-α), interleukin-6 (IL-6) and 
interleukin-1β (IL-1β), and participates in inflam-
matory signal transduction and proinflammato-
ry responses [6]. Studies have shown that TLR4 
can promote the release of inflammatory medi-
ators, resulting in increased damage during the 
process of acute lung injury (ALI) induced by 
LPS or other non-inflammatory factors [7, 8]. 

To date, there have been no studies relating 
TLR4 expression and ALI induced by PQ poison-
ing. We investigated the possible mechanisms 
of TLR4 in PQ-induced ALI using wild type (WT) 
and TLR4 knockout (TLR4-ko) mice.

Materials and methods

Animals

Male wild type C57BL/6J mice (8 to 10 weeks 
old, weighing 18 to 22 g) and male TLR4-
knockout mice (TLR4-ko, C57BL/10ScN) were 
purchased from the animal facility at China 
Medical University. All animals were housed 
with a daily 12 h illumination cycle and free 
access to standard feed and water. All proce-
dures involving animals were approved and per-
formed in accordance with the guidelines pro-
vided by the institutional ethics commission.
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Experimental design

There were four groups in the experiment as fol-
lows: (1) WT (WT mice treated with saline, 
n=10); (2) TLR4 gene knockout (TLR4-ko mice 
treated with saline, n=10); (3) WT+PQ (WT mice 
treated with PQ, n=10); and (4) TLR4-ko+PQ 
(TLR4-ko mice treated with PQ, n=10). Mice in 
Group (3) and Group (4) were injected intraperi-
toneally with 40 mg/kg of PQ (Sigma, St. Louis, 
MO, USA). Mice in Group (1) and Group (2) were 
injected intraperitoneally with saline at vol-
umes equivalent to the PQ dosage. After 24 h, 
all mice were euthanized by exsanguination of 
the abdominal aorta under deep anesthesia, 
and 0.2 ml of blood was collected for blood gas 
analysis. Lung tissue specimens were quickly 
removed. Lower left lung tissue specimens 
were fixed in 40 g/L paraformaldehyde for his-
tological analysis. Upper left lung tissue was 
snap-frozen in liquid nitrogen and stored at 
-70°C for RNA extraction and western blot anal-
ysis. Right lung tissue specimens were snap-
frozen at -70°C to detect TNF-α, IL-1β and NF-κB 
65 protein concentrations.

Histopathologic observation 

Lung samples were fixed with 4% paraformalde-
hyde at 4°C for 24 h and embedded in paraffin, 
and 4 µm sections were stained with hematoxy-
lin and eosin for light microscopy.

Real-time quantitative PCR analysis

Lung tissue (20 mg) was snap-frozen in liquid 
nitrogen and stored at -70°C for RNA extrac-
tion. Total lung RNA was extracted using RNAiso 
reagent (Baoxin Biotechnology Co. Ltd., China) 
according to the manufacturer’s instructions. 
Total RNA was determined by OD260 measure-
ments. cDNA was synthesized from total RNA 
using the SYBR PrimeScript RT-PCR kit (Baoxin 
Biotechnology Co. Ltd., China) and qPCR was 

Amplification of TLR4 mRNA required an initial 
denaturation step at 94°C for 30 s. Temperature 
cycling consisted of 40 cycles of denaturation 
at 95°C for 5 s, annealing at 60°C for 60 s, and 
elongation at 72°C for 90 s. Transcript levels 
were normalized by comparison with GAPDH 
using the 2-ΔΔCT method.

Western blot analysis

Lung tissue (20 mg) was homogenized with 
RIPA buffer. The supernatant was collected to 
determine protein concentration using a pro-
tein assay kit (Beyotime Institute of Biote- 
chnology, China). Samples were diluted to 
appropriate concentrations, and 20 μg of each 
were separated on 12% sodium dodecyl sul-
fate-polyacrylamide gels, followed by electro-
phoretic transfer to a nitrocellulose membrane. 
Membranes were blocked with 5% skimmed 
milk in a Tris-buffered saline solution contain-
ing 0.1% Tween20 and probed with rabbit anti-
mouse TLR4 antibody (1:200; Santa Cruz 
Biotechnology, USA) for 60 min at 4°C. After 
washing, horseradish peroxidase-coupled sh- 
eep anti-rabbit IgG monoclonal antibody 
(1:500, Wuhan Boster Bio-Engineering Co., 
Ltd., China) was applied. Proteins were detect-
ed by an enhanced chemiluminescence kit 
(Pierce, USA) according to the manufacturer’s 
instructions and quantified by densitometry 
analysis using Image-Pro Plus software (Media 
Cybernetics, Inc., USA). Density ratios of each 
band were determined by comparison to WT 
control bands.

TNF-α, IL-1β and NF-κB p65 protein levels in 
lung tissues

Lung tissues were collected and washed in 
saline and homogenized immediately on ice in 
1 ml saline (4°C). Homogenates were centri-
fuged at 3000 g at 4°C for 15 min. TNF-α, IL-1β 
and NF-κB p65 protein levels were measured 

Table 1. Results of arterial blood gas analysis
Groups PH value PO2 (mmHg) PCO2 (mmHg)
WT control group 7.37 ± 0.03 93.2 ± 4.1 40.3 ± 2.1
TLR4-ko group 7.38 ± 0.02 93.5 ± 4.5 40.5 ± 2.4
WT+PQ group 7.38 ± 0.03 60.4 ± 5.3* 26.1 ± 2.6*
TLR4-ko+PQ group 7.36 ± 0.04 75.6 ± 4.8† 32.2 ± 3.3†
Data are expressed as mean±SD, n=10. *P < 0.05 compared with WT 
control group; †P < 0.05 compared with WT+PQ group.

performed on a Prism 7500 Fast PCR 
System (Applied Biosystems, Inc., USA). 
mRNA expression was assayed using the 
following primers: TLR4 sense, 5’-CAGCA- 
AAGTCCCTGATGACA-3’ and antisense, 
5’-CCTGGGGAAAAACTCTGGAT-3’; GAPDH 
sense, 5’-TGTGTCCGTCGTGGATCTGA-3’ 
and antisense, 5’-TTGCTGTTGAAGTCGCA- 
GGAG-3’.



TLR4 implicated in ALI induced by paraquat

3394 Int J Clin Exp Med 2014;7(10):3392-3397

with a commercial ELISA kit following the manu-
facturer’s instructions (Wuhan Boster Bio-
Engineering Co., Ltd., Wuhan, China). Absor 
bance was read on a microplate reader and 
concentrations were calculated according to 
the standard curve (Dynex MRX, USA) (450 nm 
wavelength). Protein content in the sample was 
determined by Coomassie blue assay and cor-
rected per microgram of protein.

Statistical analysis

Results are expressed as the mean±SD. 
Statistical analyses were performed using 
SPSS 15.0 software. One-way analysis of vari-
ance was used to establish whether differenc-
es among the four groups were statistically sig-
nificant. P < 0.05 was considered statistically 
significant.

Results

Arterial blood gas analysis

Knockout of TLR4 did not affect the results of 
arterial blood gas analysis, including PO2, PCO2 
and PH values. After PQ treatment, PO2 and 
PCO2 decreased significantly in the WT+PQ and 
TLR4-ko+PQ groups compared with the control 
group (P < 0.05). The decrease in PO2 and PCO2 
was significantly attenuated in the TLR4-ko+PQ 
group compared with the WT+PQ group (P < 
0.05). There was no significant difference in PH 
values between the four groups (Table 1). 

Histopathology 

Lung morphology was similar in the WT and 
TRL4-ko groups without PQ treatment. Obvious 
pathological changes were observed in WT 

Figure 1. Photomicrographs of lung sections from the WT control group (A), the TLR4-ko group (B), the WT+PQ group 
(C) and the TLR4-ko+PQ group (D). Morphology was similar in the WT and TRL4-ko groups without PQ treatment (A, 
B). Obvious pathological changes were observed in the WT+PQ group, including infiltration of many inflammatory 
cells, destruction of alveolar walls, hemorrhage of alveolar and pulmonary interstitial and thickening of alveolar 
walls (C). Pathological changes were significantly attenuated in TLR4-ko+PQ mice compared with the WT+PQ group 
(D). Hematoxylin and eosin staining (200×). 
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mice after PQ treatment, including infiltration of 
inflammatory cells, destruction of alveolar 
walls, hemorrhage of alveolar and pulmonary 
interstitial and thickening of alveolar walls. 
Pathological changes were significantly attenu-
ated in PQ-treated TLR4-ko mice (Figure 1A-D).

TLR4 expression in lung tissues 

TLR4 mRNA levels in the WT and WT+PQ groups 
are shown in Figure 2A. TLR4 mRNA levels 
increased significantly after PQ treatment, as 
did protein levels in western blot analysis com-

tion in PO2 and PCO2 in the WT+PQ group com-
pared with the control group. This is consistent 
with clinical manifestations, such as shortness 
of breath and dyspnea, in PQ poisoning 
patients. Lung injury improved significantly in 
TLR4-ko mice after PQ exposure, indicating 
that TLR4 is involved in lung injury induced by 
PQ.

TLR4 is an innate immune system cell trans-
membrane receptor and has been well docu-
mented as a pattern recognition receptor in 

Figure 2. TLR4 mRNA expression and protein levels in different groups. 
A. TLR4 mRNA expression in the lungs of WT and WT+PQ mice. To-
tal RNA extracted from the lung tissue of mice in the WT and WT+PQ 
groups; B. Western blot analysis of TLR4 at the protein level. GAPDH 
was used as an internal control. Bar graphs show the relative intensity 
of each band compared to WT control group as measured by densitom-
etry. Data are expressed as the mean±SD, n=10. *P < 0.05 compared 
with the WT group.

pared with WT groups (P < 0.05). In 
contrast, the TLR4 protein was not 
detected in TLR4-ko mice (Figure 
2B). 

TNF-α, IL-1β and NF-κB p65 levels 
in lung tissues

Deletion of TRL4 did not affect 
cytokine levels in lung tissue in 
TLR4-ko group. When treated with 
PQ, TNF-α, IL-1β and NF-κB p65 
protein levels increased signifi-
cantly in the WT+PQ and TLR4-
ko+PQ groups (P < 0.05). However, 
TNF-α, IL-1β and NF-κB p65 protein 
levels were significantly attenuated 
in TLR4-ko mice following PQ expo-
sure compared with the WT+PQ 
group (P < 0.05; Figure 3). 

Discussion

Although many studies have report-
ed on PQ poisoning, the pathogen-
esis of lung injury due to PQ poison-
ing has not been fully elucidated 
and effective therapies have not 
been discovered [9-11]. PQ poison-
ing has the highest mortality rate 
of pesticide poisonings, particular-
ly in China. Acute lung injury and 
lung fibrosis are the most serious 
complications and are key factors 
in determining the prognosis [12]. 

In this experiment, WT and TLR4 
gene knockout mice were used to 
investigate early stage lung injury 
after PQ poisoning. At 24 h after 
PQ injection, obvious microscopic 
lung damage was evident (Figure 
1), followed by a remarkable reduc-

Figure 3. Cytokine expression in lung 
tissues. Lung tissues were harvested 
and cytokine expression was mea-
sured using ELISA. A. TNF-α expres-
sion; B. IL-1β expression; C. NF-κB p65 
expression. Data are expressed as 
the mean±SD, n=10. *P < 0.05 com-
pared with the WT group; †P < 0.05 
compared with the WT+PQ group.
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acute infection-induced lung injury [13, 14]. 
TLR4 can be activated by exogenous ligands, 
such as lipopolysaccharides from Gram-
negative bacteria [15-17] and endogenous 
ligands from necrotic cells including heat-shock 
proteins (HSP60 and HSP70) [18, 19], from 
extracellular matrix components. This pathway 
is characterized by early formation of MyD88, 
IL-1 related protein kinase (IRAK) and early acti-
vation of NF-κB and mitogen-activated protein 
kinase (MAPK) through the myeloid differentia-
tion protein 88 (MyD88)-dependent pathway.

Previous studies have reported that TLR4 can 
promote the release of inflammatory mediators 
through the MyD88-dependent pathway, result-
ing in increased lung injury in the process of ALI 
induced by LPS [7, 8]. In our study, TLR4 mRNA 
and protein levels increased significantly in the 
WT group after PQ treatment, followed by 
severe lung injury. However, lung injury was sig-
nificantly attenuated in the absence of the 
TLR4 gene. The results indicate that TLR4 is 
activated in the lungs by overexpression and 
aggravated lung injury during PQ poisoning and 
that TLR4 gene knockout can improve lung 
injury.

Although many mechanisms contribute to the 
pathogenesis of lung injury induced by PQ poi-
soning, activation of pro-inflammatory path-
ways plays a vital role. However, the mecha-
nisms by which these pro-inflammatory path-
ways are activated are not fully understood. 
Previous experiments demonstrated that IL-1β 
and IL-6 expression progressively increased 
after PQ treatment [20]. Our experimental 
results show that 24 h after intraperitoneal 
injection of PQ in WT mice, a large number of 
neutrophils infiltrated into lung tissue, accom-
panied by a significant increase in NF-κB, TNF-α 
and IL-1β expression. In the TLR4-ko group, 
NF-κB, TNF-α and IL-1β expression decreased 
with similar neutrophil infiltration.

It is widely accepted that PQ can induce a cas-
cade of redox reactions and release reactive 
oxygen species, resulting in lipid peroxidation 
and cell damage [5]. In addition, it has been 
reported that TLR4 can be activated by endog-
enous ligands released during cellular injury 
(damage-associated molecular patterns, DAM- 
Ps) [21-23]. We speculate that alveolar epithe-
lial cells and vascular endothelial cells are dam-
aged after PQ treatment and that the damaged 

cells form DAMPs, which activate the TLR4 sig-
naling pathway. TLR4 activation results in an 
excessive inflammatory response and lung inju-
ry. Knockout of the TLR4 gene may block the 
TLR4 signaling pathway and reduce overex-
pression of NF-κB, TNF-α and IL-1β, ultimately 
protecting the lungs from PQ poisoning.

To our knowledge, this is the first report to 
directly implicate TLR4 signaling in lung injury 
and inflammation induced by PQ. Our data con-
firm that TLR4 participates in lung injury after 
PQ exposure. Considering that the immune 
response occurs soon after PQ poisoning, it 
would be useful to develop new therapies that 
inhibit TLR4 signaling via neutralizing antibod-
ies or antagonist drugs to reduce lung injury 
from PQ exposure. 
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