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Abstract. – OBJECTIVE: To investigate the po-
tential role of peroxiredoxin 1 in lipopolysaccha-
ride (LPS) induced acute lung injury (ALI) in mice 
and the possible mechanism. 

MATERIALS AND METHODS: Male Prdx1 
knockout mice (Prdx1 (-/-)) and C57BL/6 wild-type 
mice with the same genetic background were 
used in this experiment. Primary culture of peri-
toneal macrophages was performed to measure 
the level of reactive oxygen species. The acute 
lung injury (ALI) model was induced by intraperi-
toneal injection of LPS (5 mg/kg). The mice were 
sacrificed at 6 h and 24 h after the treatment. The 
pathological changes of the lungs, wet/dry ratio 
and protein levels in bronchoalveolar lavage flu-
id (BALF) were measured. The levels of hydrogen 
peroxide (H2O2), malondialdehyde (MDA), super-
oxide dismutase (SOD) activity and total antioxi-
dant capacity (TAOC) were also measured in lung 
tissue homogenates. 

RESULTS: Our study found that the knockout 
of Prdx1 gene significantly increased the ROS 
content in mouse macrophages after LPS treat-
ment, and the lung wet/dry ratio and BALF pro-
tein concentration were also increased, indicat-
ing the increased lung pathological damage. 
Prdx1 gene knockout significantly reduced the 
antioxidant capacity of lung tissue, increased its 
oxidative capacity and oxidative stress in lung. 
Prdx1 knockdown also significantly increased 
p38 mitogen-activated protein kinases (P38) and 
c-Jun N-terminal protein kinase (JNK) protein 
phosphorylation levels, leading to the activation 
of P38/JNK signaling pathway. 

CONCLUSIONS: Prdx1 knockout can aggra-
vate the oxidative stress and lung injury by in-
creasing the level of Reactive Oxygen Species 
(ROS), and also activate P38/JNK signaling path-
way. Therefore, the anti-oxidative of Prdx1 re-
duced LPS-induced acute lung injury in mice.
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Peroxiredoxin 1 inhibits lipopolysaccharide-
induced oxidative stress in lung tissue 
by regulating P38/JNK signaling pathway

Introduction

Oxidative stress, which is defined as the im-
balance between the production of antioxidant 
and free radicals, is caused by the abnormal pro-
duction of reactive oxygen species (ROS) in cel-
ls1,2. Previous studies3 showed that oxidative stress 
is closely related to the innate immune system in 
the process of the elimination of foreign patho-
gens. Oxidative stress plays pivotal regulation 
roles in the development of a variety of human di-
sease including Parkinson’s disease, Alzheimer’s 
disease and vascular disease4-6. The uncontrolled 
oxidative stress can usually lead to the inflamma-
tion response, vascular barrier dysfunction and 
damage in various tissues including lung tissue7-9. 
Acute lung injury (ALI), which is a disease brin-
ging extremely high mortality and morbidity to 
the patients, can usually be induced by uncon-
trolled oxidative stress10. However, up to now, no 
efficient method has been developed for the treat-
ment of ALI. So it will be with great clinical va-
lues to identify molecular targets that involved in 
the pathological processes of ALI to facilitate the 
development of new treatment method. As a com-
ponent of gram-negative bacteria cell walls, LPS 
has been proved to be able to induce the release of 
ROS, which in turn cause the uncontrolled oxida-
tive stress, leading to the occurrence of ALI. So, 
LPS stimulation is widely used in the studies on 
ALI. Peroxiredoxin 1, which is also called Prdx1, 
is a member of peroxiredoxin family that encodes 
antioxidant enzymes11. As an enzyme that can re-
duce oxidative stress, Prdx1 plays a pivotal role 
in many physiological processes of the body and 
the development of various human diseases12,13. It 
has been proved that the expression level of Prdx1 
protein can be significantly increased by LPS tre-
atment14, indicating that Prdx1 may be involved 
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in the regulation of LPS induced oxidative stress. 
So, it will be reasonable to hypothesize that Prdx1 
may also be involved in the pathological proces-
ses of LPS-Induced lung injury. 

In our work, Prdx1 knockout mice were inclu-
ded to investigate the potential roles of Prdx1 in 
ALI induced by LPS. The acute lung injury mo-
del was established by intraperitoneal injection of 
LPS. The pathological changes of the lungs, wet/
dry (W/D) ratio and protein levels in broncho-al-
veolar lavage fluid (BALF) of both wild-type 
mice and Prdx1 knockout mice were measured 
before and after treatment. Also, the oxidative 
stress-related factors in lung tissue were detected. 
Our study found that ROS content in mouse ma-
crophages, the lung W/D ratio and BALF protein 
concentration can all be increased by LPS treat-
ment in both wild-type mice and Prdx1 knockout 
mice, while the Prdx1 knockout mice showed even 
higher levels of the above mentioned three indi-
cators that those of the wild-type mice after LPS 
treatment. Also, Prdx1 knockdown significantly 
increased P38 and JNK protein phosphorylation 
levels, leading to the activation of P38/JNK si-
gnaling pathway. So, Prdx1 plays a positive role 
in the regulation of Prdx1 reduced LPS-induced 
acute lung injury in mice.

Materials and Methods

Primary Culture of Mice Peritoneal  
Macrophages

This study has been approved by the Ethics 
Committee of our institute. Male Prdx1 knockout 
mice (Prdx1 (-/-)) (29/svJ, Korea) and C57BL/6 
wild-type mice (SPF grade, National Genetics 
Engineering Mouse Resource Library of Nanjing 
University, Nanjing, Jiangsu, China) with the same 
genetic background were used in this experiment. 
The mice were 8 to 12 weeks old and the weight 
ranged from 22 g to 28 g. All the mice were reared 
in sterile environment (22-24ºC, 50-60% relative 
humidity, 12 h light/12 h dark) with free access to 
food and water. Mice were sacrificed by cervical 
dislocation, and the skin of mice was disinfected 
with ethanol, about 3.5 ml BALF was extracted 
from abdominal wall. After centrifugation (1000 
g) for 10 min at 4°C, the supernatant was discar-
ded. The cells were counted and 5×105 cells were 
seeded in each well of the 6-weel plate and cul-
tured with Dulbecco’s Modified Eagle Medium 
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) 
supplemented with 10% fetal bovine serum (FBS), 

100 U/ml penicillin and 100 U/ml streptomycin in 
incubator (50 ml/L CO2, 37°C) from 2 to 3 h. The 
supernatant was discarded and the cells were wa-
shed 3 times with phosphate buffer solution (PBS). 
Unbound cells were removed and 2 ml of DMEM 
containing 10% FBS, 100 U/ml penicillin and 100 
U/ml streptomycin was added.

Detection of ROS in Peritoneal 
Macrophages 

The ROS level of peritoneal macrophages was 
measured using 2,7-dichlorofluorescein diacetic 
acid (DCFH-DA). Both of the two types of mou-
se peritoneal macrophages were divided into two 
subgroups: LPS treated group (1 ug/ml LPS) and 
control group [equal volume of phosphate buffe-
red saline (PBS)]. The cells were treated with LPS 
for 6 h and 24 h respectively. After treatment, the 
cells were digested with 0.25% trypsin to prepare 
a single cell suspension. DCFH-DA was added to 
the final concentration of 10 μmol/L. After incu-
bation at 37°C for 20 min, the cells were washed 
3 times with phosphate-buffered saline  (PBS). 
DCFH-DA outside the cells was removed. The 
fluorescence intensity of 10000 cells at excitation 
wavelength of 488 nm and emission wavelength 
of 525 nm were determined by a fluorescent mi-
croplate reader.

Establishment of Animal Model 
of Acute Lung Injury

Healthy mice were selected and reared for 1 
week. All the mice were fasted for 12 h before 
the surgery. Ketamine (100 mg/kg) and chlorpro-
mazine (2.5 mg/kg) intraperitoneal injection were 
performed for anesthesia; then, 5 min later, the 
mice were fixed in the supine position, and the 
skin was disinfected. Lipopolysaccharide (LPS) 
(5 mg/kg) or equal volume of normal saline was 
then injected intraperitoneally. 

Animal Grouping and Specimen 
Collection

The experimental animals were randomly divi-
ded into 4 groups: C57BL/6 negative control group, 
Prdx1 (-/-) knockout negative control group (Prdx1 
(-/-)), C57BL/6 + LPS group and Prdx1 (-/-) + LPS 
group, 16 rats in each group. Mice in the two LPS 
groups were injected with LPS intraperitoneally 
with a dose of 5 mg/kg for the induction of acute 
lung injury, while same volume of saline was used 
for the two negative control groups. Eight mice 
were randomly selected at 6 h and 24 h after LPS 
injection; the mice were sacrificed by intraperito-
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neal injection of pentobarbital sodium with a dose 
of 50 mg/kg. BALF and lung tissues were collected 
for the follow-up test.

Detection of Protein in BALF
The left lung was taken and subjected to bron-

choalveolar lavage with 0.5 ml saline for 4 times. 
The BALF was recycled and injected into test tu-
bes followed by centrifugation (2500 r/min) for 10 
min to collect the supernatant. The protein con-
centration in the supernatant was measured by 
automatic biochemical analyzer (Beckman-Coul-
ter Co., Brea, CA, USA).

The Calculation of Lung Wet/Dry Weight 
Ratio (W/D)

The wet weight of the right lung tissue was me-
asured. The tissue was then placed in 80°C oven 
for 48 h until the lung was completely dry. The 
ratio of W/D lungs was calculated to assess the 
degree of pulmonary edema.

Pathological Examination
Middle lobe of right lung was taken and wa-

shed with saline solution. The tissue was cut into 
small pieces and kept in 10% neutral formaldehy-
de solution for 2 h. After gradient ethanol dehy-
dration, the tissue was embedded in paraffin and 
sliced into 10 intermittent slices with a thickness 
of about 4-5 μm. The paraffin-embedded kid-
ney sections were put into xylene for dewaxing, 
followed by washing with 95%, 80%, and 70% 
ethanol for 5 min, respectively. Then the tissue 
was hydrated with tap water. After hematoxylin 
staining the slides were washed with tap water. 
The nucleus staining was observed under micro-
scope. After treatment with ethanol containing 
0.5% hydrochloric acid, the slides were washed 
with water followed by eosin staining and treat-
ment with 50%, 75%, 95%, and 100% ethanol for 
dehydration. Xylene treatment (5 min, 2 times) 
was applied to make the tissue transparent. Then 
slides were sealed with neutral gum and micro-
scopic observation was performed.

Detection of Oxidative Stress Indicators 
in Lung Tissue

The lung tissue was washed with precooled 
saline to remove blood, and the fluid was blot-
ted with filter paper. About 0.2 g lung tissue was 
added into 1.8 ml pre-cooling 0.9% saline. After 
homogenization, the tissue was centrifuged at 
3000 g for 10 min at 4°C. The supernatant was 
collected and used as 10% homogenate of lung 

tissue. The supernatant was stored in refrigera-
tor at -20°C. The levels of MDA, H2O2, SOD and 
TAOC in lung tissue homogenate were measured 
by colorimetric enzyme kit (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, Jiangsu, Chi-
na) to reflect the oxidation and antioxidant activi-
ty of lung tissue.

The Detection of P38/JNK Pathway 
Related Proteins in Lung Tissue by 
Western Blot

The total proteins were extracted from right 
lung tissue according to the instructions, and the 
concentration of the protein was detected by bi-
cinchoninic acid (BCA) protein quantification 
kit (Tiangen Biotech Co., Ltd., Beijing, China). 
40 μg of each sample were added and separated 
by sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE), then transferred to 
polyvinylidene fluoride (PVDF) membrane. The 
primary antibody of each protein (JNK, p-JNK, 
p38, p-p38) (Santa Cruz, CA, USA) were added 
at 1:500 dilution and incubated at 4°C overnight. 
After washing, horse radish peroxidase (HRP)-la-
beled secondary antibody (1:5000) (Sigma-Aldri-
ch, St. Louis, MO, USA) was added and incuba-
ted at room temperature for 1 h. After washing, 
the ECL luminescent substrate was used for color 
development, and the results were analyzed with 
a Quantity-One gel electrophoresis image analy-
zer. The protein expression level was normalized 
by the proportion to that of endogenous control 
(β-actin).

Statistical Analysis
Statistical analysis was performed using 

SPSS19.0 statistical software (SPSS Inc., Chica-
go, IL, USA). The data were expressed as mean 
± standard deviation (SD). Multivariate analysis 
of variance was used to compare the differences 
between more than two groups. The t-test was 
used to compare the differences between two 
groups, p<0.05 was considered to be statistically 
significant.

Results

Effect of Prdx1 Gene Knockout 
on Pulmonary Function

The effect of Prdx1 knockout on the BALF 
protein concentration (Figure 1A) and lung W/D 
ratio (Figure 1B) in LPS-induced acute lung 
injury mice was examined. There was no signi-
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ficant difference in BALF protein concentra-
tion and W/D between wild-type control group 
and Prdx1 knockout control group at both time 
points (6 h and 24 h) (p>0.05). Compared with 
the control groups, LPS treatment significant-
ly increased BALF protein concentration and 
W/D at both time points (6 h and 24 h) (p<0.01). 

The levels of BALF protein in LDR-treated 
Prdx1 knockout mice were significantly higher 
than those in wild-type mice after LPS treat-
ment (p<0.01). No significant difference was 
found in W/D between wild-type mice and 
Prdx1 knockout mice at 6 h after LPS treatment 
(p>0.05), while the W/D in Prdx1 knockout 

Figure 1. Effect of Prdx1 gene knockout on pulmonary function (×100). A, Effect of Prdx1 gene knockout on BALF protein 
concentration. B,. Effect of Prdx1 gene knockout on lung W/D; C. Effect of Prdx1 gene knockout on pulmonary pathological 
damage at 24 h after LPS-treated.
Notes: Compared with wild-type group, *p<0.05, **p<0.01; compared with wild-type +LPS group, #p<0.05, ##p<0.01. 
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mice was significantly higher than that in wild-
type mice at 24 h after LPS treatment (p<0.01). 
Histopathological examination of the lung tissue 
at 24 h after treatment showed that the alveo-
lar contour of the wild-type control group and 
Prdx1 knockout control group was clear without 
obvious lesions (Figure 1C). Compared with the 
control group, lipopolysaccharide (LPS) increa-
sed the thickness of alveolar wall. Inflammatory 
cell infiltration and capillary hemorrhage also 
occurred after treatment. The pathological da-
mage of Prdx1 knockout mice was more severe 
than that of wild-type mice after LPS treatment 
(Figure 1C).

Effect of Prdx1 Gene Knockout 
on ROS Level

In this work, the ROS levels of macrophages 
in Prdx1 knockout mice and wild-type mice at 6 
h and 24 h after LPS treatment were analyzed. 
No significantly difference was found in the ROS 
level between the macrophages of the 2 control 
groups at both time points (6 h and 24 h) (Figure 
2). The level of ROS in macrophages was increa-
sed significantly at 6 h and 24 h after LPS treat-
ment (p<0.01) and the ROS level in macrophages 
of Prdx1 knockout mice was significantly higher 
than that in macrophages of wild-type mice at 
both 6 h (p<0.05) and 24 h (p<0.01) after treat-
ment (Figure 2).

Effect of Prdx1 Gene Knockout 
on Oxidative Stress-related Indicators

We examined the effects of Prdx1 knockout 
on oxidative stress indicators (MDA and H2O2) 
and antioxidant stress indicators (SOD and 
TAOC) in lung tissue of the mice with LPS-in-
duced acute lung injury. There was no signi-
ficant difference in the above-mentioned four 
indicators between wild-type control group 
and Prdx1 knockout control group at both 
time points (6 h and 24 h) (p>0.05) (Figure 3). 
Compared with the control group, the levels of 
MDA and H2O2 in lung homogenate was signi-
ficantly increased by LPS treatment at both 6 
h and 24 h (p<0.01), while the levels of SOD 
and TAOC were significantly decreased at both 
time points (p<0.01) (Figure 3). MDA and H2O2 
levels were significantly higher in the Prdx1 
knockout group than in the wild-type group 
at both time points (6 h and 24 h) after LPS 
treatment (p<0.01) (Figure 3A and 3B), whi-
le the level of TAOC was significantly lower 
in the Prdx1 knockout group than in the wild-
type group at both time points (Figure 3D). No 
difference was found in SOD level between 
Prdx1 knockout group and wild-type group at 
6 h after LPS treatment, while the level of SOD 
was significantly lower in the Prdx1 knockout 
group than in the wild-type group at 24 h after 
treatment (Figure 3D).

Effects of Prdx1 Gene Knockout 
on P38/JNK Pathway

The expression levels of p-JNK, JNK, p-p38 
and p38 protein involved in P38/JNK pathway 
were detected by Western blot. There was no 
significant difference in p-JNK/JNK and p38/
p-p38 ratios between wild-type control and Prdx1 
knockout control at both time point (6 h and 24 
h) (p>0.05) (Figure 4). Compared with control 
group, the ratios of p-JNK/JNK and p38/p-p38 in 
lung tissue were both significantly increased by 
LPS treatment at both 6 h and 24 h after treatment 
(p<0.01) (Figure 4). The ratios of p-JNK/JNK and 
p38/p-p38 were significantly higher in the Prdx1 
knockout group than those of wild-type group at 
both 6 h (p<0.05) and 24 h (p<0.01) after LPS 
treatment (Figure 4).

Discussion

With the ability of combating oxidative stress, 
Prdx1 plays a pivotal role in many physiological 

Figure 2. Effect of Prdx1 knockout on ROS level in peritoneal 
macrophages of mice with LPS-induced acute lung injury. 
Notes: Compared with wild-type group, *p<0.05, **p<0.01; 
compared with wild-type +LPS group, #p<0.05, ##p<0.01. 
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processes of the body and the development of va-
rious human diseases through different signaling 
pathways12,13,15-17. In our study, the important role 
of Prdx1 in LPS-Induced in lung injury was also 
identified. We found that LPS treatment signi-
ficantly increased BALF protein concentration 
and W/D ratio of both wild-type mice and Prdx1 
knockout mice. However, the Prdx1 knockout 
mice showed much higher increase in BALF 
protein concentration and W/D ratio than that of 
the wild-type mice after LPS treatment (Figure 
1A and 1B). In addition, LPS increased the thi-
ckness of alveolar wall in both wild-type mice 
and Prdx1 knockout mice, and inflammatory cell 
infiltration and capillary hemorrhage also occur-
red in both of the two types of mice. However, 
the pathological damage of Prdx1 knockout mice 
was more severe than that of wild-type mice after 
LPS treatment. These results indicate that Prdx1 
knockout can increase the permeability of alve-
olar epithelial cells, promote lung tissue edema, 

and aggravate pathological lung injury. So, Prdx1 
can improve the pathological damage of lung tis-
sue by protecting the integrity of alveolar epi-
thelial cells and reducing the pulmonary edema. 
Previous reports18,19 have shown that LPS treat-
ment can induce the release of ROS. Consistent 
results were found in our study – the level of ROS 
in macrophages was increased significantly at 6 
h and 24 h after LPS treatment (p<0.01). Also, 
the ROS level in macrophages of Prdx1 knockout 
mice was significantly higher than that in ma-
crophages of wild-type mice at both 6 h (p<0.05) 
and 24 h (p<0.01) after treatment (Figure 2), in-
dicating that Prdx1 protein can reduce the level 
of ROS cause by LPS treatment. MDA and H2O2 
are two oxidative stress indicators, and SOD and 
TAOC are two-antioxidant stress indicators20. 
Those four indicators are widely used in the esti-
mation of oxidative conditions. In our study, the 
levels of MDA and H2O2 in lung homogenate 
were found to be significantly increased by LPS 

Figure 3. Effect of Prdx1 gene knockout on oxidative stress-related indicators in mice with LPS-induced acute lung injury.
Notes: Compared with wild-type group, *p<0.05, **p<0.01; compared with wild-type +LPS group, # p<0.05, ## p<0.01. 
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se. In our study, the ratios of p-JNK/JNK and 
p38/p-p38 in lung tissue were both significantly 
increased by LPS treatment at both 6 h and 24 
h after treatment (p<0.01) (Figure 4), indicating 
that LPS treatment can activate JNK/P38 signa-
ling pathway. Also, the ratios of p-JNK/JNK and 
p-p38/p38 were significantly higher in the Prdx1 
knockout group than those of wild-type group at 
both 6 h (p<0.05) and 24 h (p<0.01) after LPS 
treatment (Figure 4), indicating that Prdx1 can 
inhibit the activation of JNK/P38 signaling pa-
thway caused by LPS treatment.

Conclusions

Prdx1 gene knockout increased the levels of 
ROS, which in turn increased oxidative stress. 
Prdx1 gene knock can also activate P38/JNK si-
gnaling pathway, leading to the increased LPS-in-
duced lung injury. Therefore, the anti-oxidative 
effects of Prdx1 can reduce the LPS-induced acu-
te lung injury in mice.

treatment (p<0.01), while the levels of SOD and 
TAOC were significantly decreased after treat-
ment (p<0.01) (Figure 3). In addition, MDA and 
H2O2 levels were found to be significantly higher 
in Prdx1 knockout group than in the wild-type 
group after LPS treatment (p<0.01), while TAOC 
and SOD levels were found to be significantly 
lower Prdx1 knockout group than in the wild-
type group at 24 h after LPS treatment (p<0.01). 
These results suggest that LPS can induce oxida-
tive stress in lung tissue. Moreover, the knockout 
of Prdx1 gene may increase oxidative stress and 
decrease antioxidant capacity in lung tissue, whi-
ch in turn aggravate oxidative stress-induced 
lung injury, indicating that Prdx1 plays an impor-
tant role in improving the antioxidant capacity of 
lung tissue and protecting the lung from oxidati-
ve stress. JNK and p38, which can be activated 
by various stress stimuli, are two key factors in 
the regulation of apoptosis21. Previous studies22-24 
have shown that JNK and p38 can participate in 
chlorpyrifos-induced apoptosis the by regulating 
oxidative stress and the inflammatory respon-

Figure 4. Effects of Prdx1 gene knockout on P38/JNK pathway. Notes: Compared with wild-type group, *p<0.05, **p<0.01; 
compared with wild-type +LPS group, # p<0.05, ## p<0.01. 
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