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Abstract. Acute lung injury (ALI) is characterized by acute 
hypoxic respiratory failure, pulmonary edema and inflam-
matory infiltration. ALI has a high mortality rate (~30%) 
in the clinical setting; therefore, focusing on the treatment 
of lung edema and inflammatory responses in ALI is of 
significance. The present study investigated the effect of the 
p38 mitogen‑activated protein kinase (p38MAPK) inhibitor, 
SB203580, on lung edema and inflammatory responses in 
ALI in vivo. A mouse model of ALI was established to assess 
the effect of SB203580 on edema, proinflammatory cyto-
kine production, and the expression of interferon regulatory 
factor 5 (IRF5) and inducible nitric oxide synthase (iNOS) 
in lung tissues using immunoblotting, immunohistochem-
istry, immunofluorescence, hematoxylin and eosin staining, 
and ELISA. SB203580 inhibited LPS‑induced lung injury 
and proinflammatory cytokine expression, including tumor 
necrosis factor‑α and interleukin‑1β. SB203580 also down-
regulated LPS‑induced IRF5 and iNOS expression, which 
are widely used as markers of proinflammatory macrophages. 
Collectively, the present study demonstrated that SB203580 
protected against inflammatory responses and lung injury by 
inhibiting lung edema and downregulating proinflammatory 
mediators in LPS‑induced lung injury.

Introduction

Acute lung injury (ALI) is a clinical syndrome characterized 
by acute hypoxemic respiratory failure, pulmonary infiltra-
tion and edema in the lung tissues, of which the most severe 

manifestation is acute respiratory distress syndrome  (1). 
The mortality rate of patients with ALI is ~30%, which has 
not changed over the past several years (2,3). The increased 
permeability of the alveolocapillary membrane is an important 
physiological alteration that is observed in patients with ALI, 
which is induced by alveolocapillary barrier dysfunction and 
epithelial injury. Increased permeability of the alveolocapil-
lary membrane causes lung edema due to infiltration of large 
amounts of intravascular protein‑rich fluid into the pulmonary 
interstitial and alveolar space (4). Moreover, overwhelming 
inflammation is also a critical pathophysiological process 
observed in patients with ALI (5). Previous studies suggested 
that the extensive infiltration of neutrophils and the presence 
of resident and recruited macrophages could mediate robust 
inflammatory responses in patients with ALI and animal 
models of ALI (6,7). Immune cells that accumulate in lung 
tissues release various proinflammatory mediators, such as 
interleukin (IL)‑6, tumor necrosis factor (TNF)‑α and inter-
feron (IFN)‑γ, which exacerbate inflammation. Moreover, 
immune cells, including proinflammatory macrophages, 
produce nitric oxide (NO) (8,9).

Interferon regulatory factor 5 (IRF5) is widely expressed 
in immune cells, including macrophages, B‑cells, monocytes 
and dendritic cells (10‑12). Previous studies demonstrated that 
IRF5 mediated the activation of inflammatory macrophages 
in vivo and classical macrophages in vitro (10‑12). Activation 
of proinflammatory macrophages leads to excessive secretion 
of TNF‑α, IL‑6, IL‑12 and IL‑23, and downregulation of IL‑10 
and transforming growth factor‑β (13). Therefore, the expres-
sion of IRF5 may also promote inflammatory macrophage 
activation and inflammatory responses in lung tissue.

It has been reported that p38 mitogen‑activated protein 
kinase (p38MAPK) serves a crucial role in intracellular 
inflammatory signaling pathways, including the TNF and 
TLR4 signaling pathways  (14). However, the effects of 
SB203580, an inhibitor of p38MAPK, on lung tissue injury 
and the inflammatory response are not completely understood. 
In the present study, a mouse model of ALI was established 
by 24‑h lipopolysaccharide (LPS) stimulation. The aim of the 
present study was to investigate the effect of SB203580 on 
inflammatory response and lung injury in ALI.
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Materials and methods

Animals and treatment. In the present study, a total of 
45 healthy male C57BL/6 mice (age, 8 weeks; weight, 20‑25 g) 
were purchased from Changzhou Cavans Experimental 
Animal Co., Ltd. The animals were kept under standardized 
conditions with a mean room temperature of 22‑24℃, a 12/12h 
light/dark cycle and a humidity of 50‑60%. The mice were fed 
a standard animal diet with food and tap water ad libitum. The 
mice were randomly divided into three groups (Ctrl, ALI and 
SB203580 groups), each containing 15 mice. All experiments 
were approved by The Institutional Animal Care and Use 
Committee at Nanjing Medical University.

LPS causes ALI after intratracheal administration and 
reduces associated non‑pulmonary organ dysfunction, whereas 
intravenous administration does not lead to tissue‑specific 
lung injury  (15,16). Therefore, in the present study, mice 
were treated with 50  µl (5  mg/kg) LPS (Escherichia coli 
O111:B4; cat. no.  L2630; Sigma‑Aldrich; Merck KGaA) 
by intratracheal injection under anesthesia with 40 mg/kg 
pentobarbital sodium by intraperitoneal injection. In the 
control (Ctrl) group, mice were treated with an equal volume 
of PBS by intratracheal injection. The absorption rate of 
intraperitoneal injection is lower compared with intratracheal 
injection, therefore, SB203580 injection was performed prior 
to LPS treatment. Thus, in the SB203580 group, mice received 
20 mg/kg SB203580 (cat. no. S1863; Beyotime Institute of 
Biotechnology) by intraperitoneal injection 1 h before LPS 
stimulation. A total of 30 mice were anesthetized by isoflurane 
inhalation (5%) and then sacrificed by cervical dislocation at 
24 h post‑LPS treatment. For the histological examination, 
immunohistochemistry and immunofluorescence assays, a 
further 15 mice were anesthetized by the intraperitoneal injec-
tion of pentobarbital sodium (40 mg/kg) and sacrificed by 
myocardial perfusion fixation after LPS stimulation for 24 h. 
Bronchoalveolar lavage fluid (BALF) and lung tissues were 
collected for subsequent analysis at 24 h post‑LPS treatment, 
since the features of ALI in the model are close to the diag-
nostic criteria of patients with ALI at this time point (15,17).

Histological examination of lung tissue. At 24 h post‑LPS 
treatment, tissue from the middle lobe of the right lung was 
collected, fixed with 10% formaldehyde solution at room 
temperature for 24 h, dehydrated using a graded ethanol series, 
embedded in paraffin and cut into 4‑µm sections. The sections 
were stained with hematoxylin for 10 min, followed by eosin 
for 3 min, at room temperature. Sections were observed under 
a BX53 light microscope (magnification, x400; Olympus 
Corporation). Lung tissue injuries were scored according to a 
previous study (18).

Evaluation of pulmonary edema. Native tissue from the right 
lower lobe of the lung was weighed to obtain the ‘wet weight’ 
(W). Subsequently, to obtain the ‘dry weight’ (D), the tissues 
was dried at 65˚C for 72 h and then weighed. Pulmonary 
edema was evaluated by calculating the W/D ratio.

BALF collection and cell counting. The pulmonary lavage was 
performed three times with 1 ml PBS. The collected BALF 
was centrifuged at 845 x g for 10 min at 4˚C. Subsequently, the 

cell pellet was resuspended with 1 ml PBS. The total number 
of BALF cells was counted using a hematocytometer under a 
light microscope (magnification, x200).

Immunohistochemistry. To assess the expression and distribu-
tion of IRF5 in lung tissue, the middle lobe of the right lung 
was fixed in 10% formaldehyde at room temperature for 24 h, 
then dehydrated and embedded in paraffin. All samples in 
paraffin were cut into 4‑µm sections. Subsequently, 4‑µm 
sections were dewaxed and rehydrated through graded alcohol 
at room temperature and then subjected to antigen retrieval by 
high pressure in 10 mmol/l citrate acid (pH 6.0) for 8 min. The 
sections were blocked with 10% goat serum (cat. no. AR0009; 
Boster Biological Technology) at room temperature for 1 h. The 
sections were incubated with an IRF5 primary antibody (cat. 
no. ab181553; 1:600; Abcam) at 4˚C overnight. The sections 
were washed using PBS and then were incubated with a goat 
anti‑rabbit biotinylated secondary antibody (cat. no. ab6720; 
1:1,000; Abcam) at room temperature for 1.5 h, and streptav-
idin‑horseradish peroxidase (HRP; 1:10,000; cat. no. ab7403; 
Abcam) at room temperature for 45  min, respectively. 
Chromagen detection was performed with the DAB substrate 
kit (cat. no. ab64238; Abcam), according to the manufacturer's 
instructions. Lung tissue sections were counterstained with 
hematoxylin for 8 min at room temperature and rinsed with 
distilled water, dehydrated through gradient ethanol and 
xylene, then mounted with mounting medium (cat. no. 14177; 
Cell Signaling Technology, Inc.). Images were captured using 
a BX53 light microscope (magnification, x400; Olympus 
Corporation). Quantification was performed by calculating 
the percentage of IRF5‑positive cells. IRF5‑positive cells 
and total cells were counted in five sections and five different 
fields/section.

Western blot analysis of the lung tissues. Native tissue 
from the left lobe of the lung was homogenized and protein 
samples were extracted using RIPA buffer (cat. no. P0013B; 
Beyotime Institute of Biotechnology). Protein content was 
determined using BCA kit (cat. no. P0012S; Beyotime Institute 
of Biotechnology). Proteins (30 µg/line) were separated via 
SDS‑PAGE on 10% gel and transferred to PVDF membranes. 
PVDF membranes were blocked using 5% non‑fat milk at 
room temperature for 1 h and then incubated with primary 
antibodies targeted against IRF5 (cat. no. ab181553; 1:1,000; 
Abcam), inducible NO synthase (iNOS; cat. no.  ab15323; 
1:1,000; Abcam), arginase 1 (Arg1; cat. no. 93668; 1:1,000; 
Cell Signaling Technology, Inc.) and β‑actin (cat. no. ab8227; 
1:2,000; Abcam) at 4˚C overnight. Following primary incuba-
tion, membranes were incubated with HRP‑conjugated goat 
anti‑rabbit IgG (cat. no. A0208; 1:1000; Beyotime Institute 
of Biotechnology) secondary antibodies at room temperature 
for 1.5 h. In addition, enhanced chemiluminescence reagents 
(cat. no. WBKLS0100; EMD Millipore) were used for imaging 
and quantification was performed using ImageJ software 
version 1.47 (National Institutes of Health) with β‑actin as the 
loading control.

Immunofluorescence. Following treatment with LPS for 
24 h, mice were subjected to myocardial perfusion fixation 
to preserve tissue. Tissue from the left lung was fixed with 
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10%  formaldehyde solution at room temperature for 4  h, 
dehydrated in 30% sucrose, embedded in optimal cutting 
temperature reagent and cut into 7‑µm sections using a freezing 
microtome. The sections were blocked with 10% goat serum 
(cat. no. AR0009; Boster Biological Technology) at room 
temperature for 40 min. The frozen lung sections were stained 
with F4/80 (1:50; cat. no. ab16911; Abcam) and iNOS (1:50; 
cat. no. ab15323; Abcam) primary antibodies at 4˚C overnight. 
Subsequently, the sections were incubated with anti‑rat Alexa 
Fluor® 594‑conjugated (1:500; cat. no. A‑11007; Invitrogen; 
Thermo Fisher Scientific, Inc.) and anti‑rabbit Alexa Fluor® 

488‑conjugated (1:500; cat. no. A‑11034; Invitrogen; Thermo 
Fisher Scientific, Inc.) secondary antibodies at room tempera-
ture for 2 h. The localization of protein was examined by 
confocal laser scanning microscopy (magnification, x200; 
Leica Microsystems GmbH).

Measurements of cytokines. Following LPS treatment for 24 h, 
lung tissues were ground into protein homogenate. The levels 
of the proinflammatory cytokines TNF‑α (cat. no. MTA00B) 
and IL‑1β (cat. no. MLB00C) were measured using ELISA 
kits (both R&D Systems, Inc.) according to the manufacturer's 
instructions.

Statistical analysis. All experiments were repeated at least 
three times and the data are presented as the mean ± SEM. 
Statistical analyses were performed using GraphPad Prism 
software (version  7; GraphPad Software, Inc.). Multiple 
comparisons were analyzed using one‑way ANOVA followed 
by Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

SB203580 attenuates LPS‑induced lung histopathological 
alterations. Histopathological alterations in the lung were 
detected using hematoxylin and eosin (H&E) staining 
(Fig.  1). Lung sections of Ctrl group showed a normal 
alveolar morphology (Fig. 1A). Histological sections from 
the lungs of LPS‑induced mice displayed edema, as well as 
basal membrane and alveolar wall thickening (Fig. 1B). By 
contrast, treatment with SB203580 markedly attenuated 
LPS‑induced lung injury (Fig. 1C). The lung injury score in 
the ALI group was significantly increased compared with 
the Ctrl group. However, treatment with SB203580 signifi-
cantly decreased the lung injury score compared with the 
ALI group (Fig. 1D). Thus, the intraperitoneal injection of 
SB203580 significantly decreased lung injury in ALI model 
mice.

SB203580 reduces LPS‑induced lung edema and inflamma‑
tory responses in vivo. Lung tissue edema was assessed by 
calculating the W/D weight ratio. The lung W/D ratio was 
significantly decreased in the SB203580 group compared 
with the ALI group (Fig. 2A). In addition, inflammation 
was evaluated by calculating the total number of cells in the 
BALF and measuring proinflammatory cytokine levels in 
lung tissues. Total cell counts in the BALF were higher in the 
ALI group compared with the Ctrl group. However, treatment 
with SB203580 significantly decreased cell counts in total 
BALF compared with the ALI group (Fig. 2B). Similarly, 
the levels of proinflammatory cytokines TNF‑α and IL‑1β 
were significantly elevated in the ALI group compared with 

Figure 1. Histopathological alterations in lung tissues. C57BL/6 mice were stimulated with lipopolysaccharide or PBS, and treated with SB203580. Lung sec-
tions from the (A) Ctrl, (B) ALI and (C) SB203580 groups were stained with hematoxylin and eosin and visualized by light microscopy (magnification, x400; 
scale bar, 50 µm). (D) Lung injury scores. **P<0.01, as indicated. Ctrl, control; ALI, acute lung injury.
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the Ctrl group, and treatment with SB203580 significantly 
decreased the levels of TNF‑α and IL‑1β compared with the 
ALI group (Fig. 2C and D).

SB203580 inhibits IRF5 expression in the lung tissues of 
ALI model mice. The effect of SB203580 on IRF5 expression 
was assessed by western blotting and immunohistochemical 

Figure 2. SB203580 suppresses lipopolysaccharide‑induced lung edema and inflammatory responses. (A) Lung tissue wet/dry weight ratio. (B) Total BALF 
cell numbers. Lung tissue was collected and ground into protein homogenate for the measurement of proinflammatory (C) TNF‑α and (D) IL‑1β cytokine 
levels. n=5. *P<0.05 and **P<0.01, as indicated. BALF, bronchoalveolar lavage fluid; TNF‑α, tumor necrosis factor‑α; IL, interleukin; Ctrl, control; ALI, acute 
lung injury.

Figure 3. SB203580 reverses LPS‑induced IRF5 expression in lung tissue. Pulmonary expression of IRF5 was (A) determined by western blotting and 
(B) semi‑quantified. (C) Effect of SB203580 on the expression and distribution of IRF5 in lung tissues (scale bar, 40 µm). (D) IRF5 expression was quantified 
by calculating the percentage of positive cells (brown) relative to total cells [brown + blue (hematoxylin)] in lung tissue sections. IRF5‑positive cells and 
total cells were counted in five sections and five different fields/section. n=5. *P<0.05 and ***P<0.001, as indicated. ALI, acute lung injury; IRF5, interferon 
regulatory factor 5; Ctrl, control.
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staining. The levels of IRF5 were significantly increased in 
ALI model mice compared with Ctrl mice. Treatment with 
SB203580 resulted in a significant decrease in IRF5 expres-
sion levels compared with the ALI group (Fig. 3A and B). 
IRF5 expression was further investigated by immunohisto-
chemical staining (Fig. 3C). The frequency of IRF5‑postive 
cells was significantly increased in the lungs in the ALI 
group compared with the Ctrl group; however, treatment with 
SB203580 significantly inhibited LPS‑induced IRF5 expres-
sion (Fig. 3D).

SB203580 decreases the expression of iNOS and F4/80 in 
the lung tissues of ALI model mice. iNOS is an inflamma-
tory gene marker, which serves a critical role in LPS‑induced 
ALI (19). In the present study, the effect of SB203580 on 
iNOS expression was evaluated using western blotting and 
immunofluorescence assays. The expression of iNOS was 
significantly increased in the lung tissues of ALI model 
mice compared with Ctrl mice. However, LPS‑induced iNOS 
expression was significantly decreased following SB203580 
treatment (Fig. 4A and C). The levels of Arg1, were low in 
the Ctrl group and remained unchanged in the ALI group 
(Fig. 4B).

F4/80 is widely used as a macrophage marker, although it is 
also expressed on monocytes and neutrophils in mice (20,21). 
The expression of F4/80 was increased in ALI lung tissues 

compared with Ctrl lung tissues, which was inhibited by 
SB203580 treatment (Fig. 4C).

Discussion

ALI is a common clinical condition characterized by hypoxia, 
edema and inflammatory cell infiltration of neutrophils 
and macrophages into lung tissues, leading to respiratory 
failure (22,23). Alveolar epithelium and capillary endothelium 
injuries increase alveolar barrier permeability, resulting in 
edema, inflammatory leukocyte infiltration and bleeding (4,24). 
Focusing on the treatment of lung edema and inflammatory 
injury in patients with ALI is of significance. Mouse models 
of LPS‑induced lung injury have been widely used to study 
the pathogenesis of ALI (4,18). The mild LPS‑induced mouse 
model of ALI used in the present study displayed edema and 
inflammation in lung tissues.

Inhibition of proinflammatory cytokine production allows 
the regulation of inflammatory responses (25). The p38MAPK 
signaling pathway has a key regulatory role in inflammatory 
processes taking place in the lung (26). M39, an inhibitor of 
p38MAPK, inhibits the activation of p38MAPK in neutrophils 
and macrophages in vitro, which prevents the release of TNF‑α 
and macrophage inflammatory protein 2, limits the activation 
of p38MAPK in vivo and reduces the accumulation of neutro-
phils in the airway. Moreover, the novel synthesized flavonoid 

Figure 4. SB203580 decreases the expression of iNOS and F4/80 in lung tissues. (A) SB203580 downregulated LPS‑induced iNOS expression. (B) SB203580 
had no effect on the expression of Arg1. (C) Frozen lung tissue sections were stained with antibodies targeted against F4/80 (left) and iNOS (right), and imaged 
by confocal microscopy (magnification, x200; scale bar, 100 µm). n=5. *P<0.05 and **P<0.01, as indicated. iNOS, inducible nitric oxide synthase; ALI, acute 
lung injury; Arg1, arginase 1; Ctrl, control.
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LFG‑500 can alleviate LPS‑induced inflammatory responses 
by inhibiting the expression of IL‑6, TNF‑α and IL‑1β (27).

In the present study, the effects of SB203580, an inhibitor 
of p38MAPK, on ALI and inflammation in LPS‑induced mice 
were investigated. SB203580 treatment significantly reduced 
LPS‑induced expression of TNF‑α and IL‑1β in lung tissues, 
which suggested that SB203580 inhibited ALI‑stimulated 
inflammatory responses by inhibiting the expression of proin-
flammatory cytokines. Furthermore, SB203580 reduced the 
W/D weight ratio compared with the ALI group, indicating 
attenuation of LPS‑induced lung edema.

The transcription factor IRF5 is involved in multiple auto-
immune diseases, including systemic lupus erythematosus, 
rheumatoid arthritis and inflammatory bowel disease (28). 
IRF5 induces the upregulation of proinflammatory genes, 
repression of anti‑inflammatory mediators and polarization 
of macrophages to a proinflammatory phenotype (28‑30). In 
the present study, the expression of IRF5 was significantly 
upregulated in ALI model mice compared with Ctrl mice, 
and significantly downregulated in SB203580‑treated ALI 
model mice. The results suggested that SB203580 inhibited 
LPS‑stimulated inflammatory responses by decreasing the 
expression of IRF5 in lung tissue.

iNOS is an enzyme expressed in macrophages and endothe-
lial cells that synthesizes NO via L‑arginase oxidation. iNOS 
competes with Arg1 for the same substrate and is considered a 
marker of inflammatory responses (31,32). In the present study, 
the expression of iNOS was increased in the lungs of ALI mice 
compared with Ctrl mice, and SB203580 treatment decreased 
LPS‑induced iNOS expression. By contrast, the expression of 
Arg1 in lung tissues remained almost unchanged among the 
three groups. Thus, the results suggested that SB203580 atten-
uated the inflammatory response by decreasing the expression 
of iNOS in LPS‑induced lung tissues.

In conclusion, the inhibitor of the p38MAPK signaling 
pathway SB203580 attenuated lung injury and inflammatory 
responses in ALI model mice. Treatment with SB203580 in 
LPS‑induced ALI model mice reduced edema and the expres-
sion of proinflammatory cytokines, and alleviated pathological 
changes in lung tissues. SB203580 also decreased the expres-
sion of IRF5 and iNOS in ALI lung tissues. Thus, IRF5 may 
serve as a key regulatory factor of the inflammatory response 
in the lungs and may exert its effects by promoting a proinflam-
matory macrophage phenotype. Although further research 
is required to fully understand the mechanism of SB203580 
attenuating lung edema and inflammatory response in ALI, 
the present study suggested a protective role of SB203580 in 
LPS‑induced ALI; therefore, SB203580 may serve as a poten-
tial preventive agent for ALI.
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