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Summary. - Swine influenza virus (SIV), one of the most important zoonotic agents, is associated with
major public health concerns. The current study was conducted to investigate the role of p38 mitogen-activated
protein kinase (p38 MAPK) in the regulation of the inflammatory response to acute lung injury (ALI) induced
by SIV of HON2 subtype (HON2-SIV) in mice. For this purpose, BALB/c mice were intranasally infected with
20 LD, of HON2-SIV (infected group), while non-infected mice served as control (control group). To assess
the effect of p38 MAPK, its specific inhibitor SB203580 was employed followed by SIV infection (SB group).
At various times after infection, mouse lungs were subjected to pathological and histological observations and
detection of inflammatory cytokines tumor necrosis factor a (TNF)-a, interleukin (IL)-1p, IL-6, and IL-10
and phosphorylated p38 MAPK. The obtained results showed obvious inflammatory responses, injury and
raised levels of inflammatory cytokines and phosphorylated p38 MAPK in the lungs of virus-infected mice.
In the mice inoculated with the virus alone, the level of phosphorylated p38 MAPK increased from day 2 and
peaked at day 6 post infection (p.i.). However, SB203580 caused lower increases in inflammatory cytokines and
phosphorylated p38 MAPK and a milder lung injury. These findings indicate that the activation of p38 MAPK
upregulated the inflammatory responses to HON2-SIV-induced ALI increased its severity and promoted the
production of inflammatory cytokines.
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Introduction

Acute lung injury (ALI) and its more severe form, acute
respiratory distress syndrome (ARDS), are characterized
by overwhelming lung inflammation and increased mi-
crovascular permeability, causing diffuse lung edema and
mechanical dysfunction (Wheeler and Bernard, 2007). ALI
is the primary set of symptoms of influenza virus infection
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Abbreviations: ALI = acute lung injury; IL = interleukin;
MAPK = mitogen-activated protein kinase; p.i. = post infection;
i.p. = intraperitoneally; SB group = SB203580; SIV = swine in-
fluenza virus; TNF-a = tumor necrosis factor a; W/D = wet/dry
weight ratios

in mammals, but exact pathogenesis of this virus remains
uncertain. In recent years, studies on the pathogenesis of
influenza viruses have mainly focused on inflammatory
cytokines and mediators. Swine influenza caused by swine
influenza virus (SIV) is an acute and highly contagious
respiratory disease. Pigs are the most common hosts of hu-
man influenza viruses, avian influenza viruses, and SIV, and
they play a “mixer” role during co-infection by human and
avian influenza viruses. SIV infected pigs are often without
any clinical signs. Virus recombination which occurs in
pigs, leads to new strains and increases the prevalence of
influenza virus infection. In addition research demonstrated
that humans can also be infected with SIV (Newman et al.,
2008; Adiego Sancho et al., 2009; Van Reeth et al., 2009).
Therefore, research of swine influenza is of great importance
for protecting the public health.
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Signaling through mitogen-activated protein kinase
(MAPK), a serine/threonine protein kinase, is one of the four
major signaling pathways of eukaryotic cells (Herlaar et al.,
1999). p38 MAPK was the third MAPK to be identified. p38
MAPK plays an important role in regulating cell proliferation,
apoptosis, inflammation, stress, cytokine production, gene
transcription, and cytoskeleton recognition. Previous investiga-
tions proved that p38 MAPK and inflammation were closely
related and that p38 MAPK could regulate the expression of
inflammatory cytokines in vitro (Huang et al., 2004; Schnyder-
Candrian et al., 2005). Powell et al. (2004) confirmed that the
p38 MAPK signaling pathway played an essential role in the
regulation of lung injury. However, the influence of p38 MAPK
on inflammation associated with ALI induced by SIV subtype
HI9N2 (HON2-SIV) has not been reported previously. SB203580
is one of the most commonly used p38 MAPK inhibitors, and it
inhibits p38 MAPK phosphorylation without affecting ERK1/2,
JNK, and ERK5 (Ono et al., 2000; Peifer et al., 2006). Previous
studies suggested that through the inhibition of p38 MAPK
activation and expression, SB203580 effectively inhibited the
expression of inflammatory cytokines such as TNF-acand IL- 1,
reduced the permeability of pulmonary capillary, and prevented
pathological damage in the lungs.

In this study, BALB/c mice with ALI induced by HIN2-
SIV infection were used as animal model. Pathological
changes, levels of inflammatory cytokines and phosphor-
ylated p38 MAPK in mouse lungs were investigated during
the ALI progression. To assess the effect of p38 MAPK, its
specific inhibitor SB203580 was employed. The obtained
results demonstrated that p38 MAPK was involved in the
regulation of the inflammatory responses to ALI induced
by HON2-SIV infection in mouse lungs.

Materials and Methods

Virus. A/swine/HeBei/012/2008(HIN?2) virus (HIN2-SIV) was
inoculated into 10-day-old SPF chicken embryos (Beijing Labora-
tory Animal Research Center, China) and was consecutively blind
passaged for 3 generations. The allantoic fluid was collected and
stored at -70°C.

Experiment design. One hundred and eighty 6-8-week-old SPF
female BALB/c mice (Beijing HFK Bioscience Co. Ltd, China)
were divided into 3 groups of 60 mice each. BALB/c mice were
intranasally infected with HON2-SIV (0.1 ml, containing 20 LD, )
(infected group), and control mice (control group) by the same dose
of noninfectious allantoic fluid, which had been diluted 1:5 by sterile
saline buffer. To assess the effect of p38 MAPK, its specific inhibitor
SB203580 was employed. First, 1.0 mg of SB203580 was dissolved
in 100 pl of DMSO and then it was diluted with sterile saline buffer
to obtain a final concentration of 1.0 mg/ml. Finally, the mice were
intraperitoneally (i.p.) injected with a dose of 5 mg SB203580 per
kg/mouse (Fujise et al., 2006; Widmann et al., 1999) and after 1 hour

they were infected with HON2-SIV as aforementioned (SB group).
Detailed methods of model making can be found in the literature
(Dong et al., 2012). The inoculated mice were separated and kept
in the bio-safety level 3+ laboratories with access to water and food
ad libitum. The study was approved by the Animal Care Committee
of Hebei North University (No. 2012-1-0-08, China).

Pathology of lungs. Five mice in each group were weighed and
sacrificed on days 2,4, 6, 8, and 14 p.i., and the whole wet lungs were
weighed to assess lung coefficient. The W/D ratios were determined
by weighing the right lung before and after oven desiccation at 80°C.
W/D ratio was used as an indicator of lung edema (Majeski et al.,
2003). Left lobes of lungs were fixed in 4% paraformaldehyde and
embedded in paraffin. The samples for microscopic examination
were stained with hematoxylin and eosin.

Assay of inflammatory cytokines. Pulmonary homogenate was
centrifuged at 3,000 x g for 15 min at 4°C, the supernatant was
collected and used to determine the cytokines. The expression of
TNF-a, IL-1pB, IL-6, and IL-10 were determined using a sandwich
ELISA Kkits following the instructions recommended by the manu-
facturer. The absorbance of the microplate was read at 450 nm.

Western blot analysis. The protein expression of p38 MAPK was
measured using a Western blot analysis kit (Boster Biological Technol-
ogy., LTD, China) according to the manufacturer’s protocols. Briefly,
frozen lung samples were defrosted and were homogenized with
lysis buffer (RIPA with protease inhibitor, with a ratio of lung tissue/
lysis buffer (ml) equal to 1/10). The homogenate was sonicated and
centrifuged at 10,000xg for 10 min at 4°C. Then the supernatant was
collected and its protein concentrations were determined by BCA
protein assay kit (Pierce). The proteins were separated on 10% SDS-
polyacrylamide gel and transferred onto the PVDF membrane. After
blocking the nonspecific sites with blocking solution (5% nonfat dry
milk), the blotted membrane was incubated overnight with specific pri-
mary antibody against -actin and phospho-p38 MAPK (Santa Cruz)
at 4°C. Subsequently, the blotted membrane was washed with PBS-T
followed by incubation with the secondary antibody conjugated with
horseradish peroxidase (HRP) for 1 hr at room temperature. Blots were
again washed with PBS-T and then developed with the DAB Western
blot analysis detection system. Blots were visualized using a SmartGel
system and Quantity One analysis software (Bio-Rad), and the band
density was quantified using Lane 1D software.

Statistical analysis. All data were expressed as means + SD. Statistical
analysis was performed with the SPSS statistical software package for
Windows, version 13.0 (SPSS, Inc., USA). Differences between groups
were examined for statistical significance by two-tailed Student  test.
The p-values less than 0.05 were considered statistically significant.

Results
Pathology of lungs

Lungs of the control mice were rose pink and soft, and
the lobes of the lungs were smooth and moist with no con-
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Fig. 1
Pathology of mouse lungs
The legend: Control (a), infected (b) and SB + infected (c) mice.
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Fig. 2
Changes in the lung coefficient of mice

The legend: P <0.05 vs. control, “P <0.01 vs. control, “P <0.05 vs.
infected.
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Fig. 3
Changes in the lung W/D of mice

solidation regions. Lungs of the infected mice were highly
edematous, with profuse areas of hemorrhage and conges-
tion. Furthermore, a region of red hepatization was visible,
and bloody foam fluid flowed from the bronchus. Lesions of
lungs such as congestion and hemorrhage were less severe
in the SB mice as in the infected mice (Fig. 1).

Compared to the control mice, the lung wet weight of
infected mice increased slightly on day 2 p.i., but there was
no statistical significance in the lung coefficient and W/D
ratio. However, the lung coefficient and W/D ratio of infected
mice increased significantly (P <0.01) on day 4-6 p.i. On day
8 p.i., the lung coeflicient and W/D ratio of the infected mice
began to recover progressively, but they still had significant
difference (P <0.01). On day 14 p.i., there was no significant
difference in the lung coefficient and W/D ratio (P >0.05),
and they were close to control data. Additionally, compared
to the infected mice, there was no significant difference in
the lung coefficient and W/D ratio in the SB mice. On day
14 p.i,, the lung coefficient and W/D ratio were similar to
the control data (shown in Fig. 2-3).

Histopathology of the lungs

Lungs of the control mice had no apparent histopathologi-
cal lesions, alveolus was clear, and alveolar walls were thin.

Compared to the control mice, lungs of the infected
mice had apparent histopathological lesions. On day 2
p-i., lung histopathology was characterized by interstitial
edema around the small blood vessels and bronchiole with
inflammatory cell exudates, and edema fluid were observed
in the alveolar lumen (Fig. 4a). On day 4 p.i., alveolar walls
were thickened, pulmonary interstitium broadened, and
obvious edema was present in interstitium around vessels
and bronchiole, and parts of bronchial epithelium were
necrotic and sloughed. Moreover, plenty of erythrocytes
appeared in alveolar lumen and interstitium (Fig. 4b). On
day 6 p.i., plenty of inflammatory cells were exuded and
bronchopneumonia developed (Fig. 4c). On day 8 p.i., the
histopathological lesions of the infected mice began to re-
cover progressively. Compared to the infected mice, lungs
of the SB mice had slightly less apparent histopathological
lesions (Fig. 4d,e,f).

Inflammatory cytokines in lungs

As shown in Table 1, compared with the control mice,
the concentrations of TNF-a, IL-1p, IL-6, and IL-10 in lung
homogenates were significantly higher in the infected mice
(P <0.05 or P <0.01).

On day 2 p.i, the levels of TNF-a and IL-1P increased
rapidly, and peaked at day 4. On day 6 p.i., the levels started
to decline. On day 14 p.i., the levels of TNF-a and IL-1f were
reaching control mice.
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Table 1 Inflammatory cytokine levels in mouse lungs
Mice Days p.i. TNE-a IL-1B IL-6 IL-10
Control 25.76+6.52 28.28+5.28 19.35+8.17 80.57+12.25
Infected ol 40.31+8.31° 42.81+8.63° 23.26+10.23° 103.73+18.52%
SB + infected 33.81+7.26°¢ 38.15+6.97°¢ 20.67+10.18°¢ 96.57+10.53%4
Infected ad 44.70+13.62% 44.21+12.14 24.81+10.72% 141.73+20.15%
SB + infected 38.70+12.51%4 41.9348.3144 22.2249.85%¢ 129.07+13.76%4
Infected od 41.81+9.17% 43.59+11.92% 33.26+11.82% 145.73+15.71°
SB + infected 35.48+10.68*4 39.05+12.35%4 29.81+10.922¢ 134.23+20.13%¢
Infected ad 36.26+5.16° 36.65+5.87° 31.85+8.21% 129.90+11.23°
SB + infected 31.37+4.51°¢ 32.18+6.72°¢ 27.54+5.434 112.73+10.56°¢
Infected 14d 30.3146.07° 31.53+4.11° 25.81+7.87° 105.07+11.87%
SB + infected 28.03+4.42°¢ 29.12+5.37¢ 22.85+6.39* 90.90+12.33*

Note: °P <0.05 vs. control, *P <0.01 vs. control, *P <0.05 vs. infected, *P <0.01 vs. infected.

Fig. 4

Histopathology of mouse lungs
The legend: Infected mice (a, b, ¢), SB + infected mice (d, e, f). Magnification 100x.

Fig. 5
Levels of phosphorylated p38 MAPK in mouse lungs 6 days p.i.
The legend: Control (a), infected (b) and SB + infected (c) mice. Magnification 400x.
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Fig.6
Levels of phosphorylated p38 MAPK in mouse lungs 6 days p.i.
The legend: Western blot analysis, control (a), infected (b) and SB + infected
(c) mice. *P <0.05 and *P <0.05 vs. control.

On day 2 p.i., the concentrations of IL-6 and IL-10 were
also elevated, and peaked at day 6. On day 8 p.i., the levels
of the two cytokines began to decline slowly. On day 14 p.i.,
they still remained higher than in control mice.

SB203580 was able to efficiently reduced the production
of TNF-a, IL-1, IL-6, and IL-10 (P <0.05 or P <0.01).

p38 MAPK in lungs

Expression of phosphorylated p38 MAPK was deter-
mined by immunohistochemistry. The pulmonary tissue
of the control mice was normal, and only small amounts
of phosphorylated p38 MAPK were found in the epithelial
cells of the alveolus and lung airway (Fig. 5a). Expression of
phosphorylated p38 MAPK was obviously increased in the
infected mice, especially the epithelial cells of the alveolar
septum, and myoid cells in the nodular enlargement region
of the alveolar ducts also displayed a positive reaction. At
the same time, phosphorylated p38 MAPK was widely dis-
tributed in the epithelial cells of the lung airway, vascular
endothelial cell, cytoplasm, and nucleus. High expression
of phosphorylated p38 MAPK was also noted in inflam-
matory cells (Fig. 5b). Compared to the infected mice, the
expression of phosphorylated p38 MAPK in the SB mice
has decreased significantly. Only the cytoplasm of epithelial
cells of the alveolar septum had a small positive expression
of phosphorylated p38 MAPK and expression of capillary
endothelial cells in the alveolar septum has disappeared. On
day 14 p.i., expression of phosphorylated p38 MAPK was
recovered to normal levels (Fig. 5¢).

The expression of phosphorylated p38 MAPK protein was
determined by Western blot analysis too. The results showed
that HON2-SIV could significantly increase the phosphoryla-
tion of p38 MAPK. However, pretreatment with SB203580
could inhibit the phosphorylation of p38 MAPK (Fig. 6).

In all, the results showed that SB203580 could inhibit p38
MAPK signaling pathway efficiently in HON2-SIV induced
ALI of mice

Discussion

Protein p38 MAPK is an important member of mitogen-
activated protein kinase (MAPK) family. It occupies a central
role in the regulation of inflammation, and its persistent acti-
vation causes the production of the inflammatory cytokines,
leading to cascade of effects (Peifer et al., 2006). Following the
stimulation of various pathogenic factors of ALI/ARDS, p38
MAPK can be activated. Nick et al. (2000) suggested that the p38
MAPK pathway plays an essential role in the development of
ALI Therefore, study of the relationship between the activation
of p38 MAPK and the production of inflammatory cytokines in
ALI will help to elucidate the pathogenesis of ALI/ARDS.

Previous reports supported that the p38 MAPK signal-
ing pathway was involved in many important physiological
processes. Blockade of p38 MAPK expression could regu-
late the inflammatory response, but it also affected normal
physiological reactions, a process called p38-mechanism-
based toxicity. Therefore, selecting the correct dose of p38
MAPK inhibitors for the analysis was extremely important.
The related reports in the literature demonstrated that low
doses of SB203580 could effectively inhibit the expression
of p38 MAPK without affecting the activation of JNK and
ERK (Fujise et al., 2006; Widmann ef al., 1999). Therefore,
in this study, a dose of 5 mg/kg’body weight of SB203580
was chosen, and mice were i.p. injected 30-60 mins before
the surgery.

The present study suggested that within 14 days p.i., the
typical symptoms of ALI were observed, and the activation
of p38 MAPK participated in the occurrence of ALI in the
infected and SB mice. However, compared with the infected
mice, the severity of lung lesions such as congestion, hemor-
rhage, edema and the expression of inflammatory cytokines
and phosphorylated p38 MAPK were significantly reduced
in the SB mice. These results indicated that p38 MAPK was
involved in the inflammatory responses to ALI induced by
H9N2-SIV. Additionally, the expression of TNF-a, IL-1p,
and IL-6 increased rapidly, resulting in inflammation and
organ damage in the infected and SB mice. IL-6 displayed
the same ability as the anti-inflammatory cytokine IL-10, to
produce inflammatory responses, suggesting that IL-6 might
have promoted both inflammatory and anti-inflammatory
functions in the experiment, but the mechanism requires
additional research for elucidation. Compared to the changes
in TNF-aand IL-1p levels, IL-10 exerted anti-inflammatory
effects, and its expression increased rapidly and persistently
over time, indicating that IL-10 exerted its effects down-
stream of TNF-a and IL-1P. This finding indicated that
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IL-10 was involved in regulating the body’s balance and the
recovery of immune function, thereby reducing the inflam-
matory reaction.

In conclusion, this study demonstrated that the expression
of phosphorylated p38 MAPK was increased in HON2-SIV
induced ALI in mice. After treatment with the p38 MAPK-
specific inhibitor SB203580, the expression of phosphor-
ylated p38 MAPK was heavily inhibited, and the pathological
severity of ALI was lessened. These findings indicated that
p38 MAPK activation was involved in regulating inflam-
matory responses in the lung tissue during ALI induced
by HON2-SIV, promoting the production of inflammatory
cytokines, and increasing the severity of ALL
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