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Abstract 
 
Background/Aim. Staphylococcus aureus (S. aureus) is a gram-
positive pathogen that causes various human diseases. S. aureus 
causes pneumonia, which is characterized by localized tissue 
necrosis. The aim of the study was to explore the expression 
of mouse β-defensin 3 (mBD-3) induced by S. aureus in mouse 
lungs and the effect of mBD-3 expression on the mitogen-
activated protein kinase (MAPK) pathway. Methods. An ex-
perimental model of S. aureus pneumonia in mice was devel-
oped, and the expression of mBD-3 and activation of the 
MAPK pathway were investigated using the methods of im-
munofluorescence and western blot. Results. The experi-
mental model was created successfully. The number of white 
blood cells was elevated 48 and 72 hrs after the introduction 
of bacteria through mouse airways, and bronchiolar mucosal 
hyperemia was observed, along with a large number of white 
blood cells and mucus in the bronchioles. The mBD-3 expres-
sion levels 48 and 72 hrs after the induction of infection were 
greater than the levels in the control group and 24 hrs after the 
induction. The amount of phosphorylated extracellular signal-
regulated kinase (ERK1/2) was increased 48 and 72 hrs after 
infection induction, compared with the levels in the control 
group and 24 hrs after induction. The expression of mBD-3 
was lower when ERK1/2 phosphorylation was inhibited by 
the U0126 inhibitor. Conclusion. S. aureus in experimental 
pneumonia mouse model accelerates mBD-3 expression in the 
mouse lung mainly through an ERK1/2-dependent signaling 
pathway. 
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Apstrakt 
 
Uvod/Cilj. Staphylococcus aureus (S. aureus) je gram-pozitivni 
patogen koji izaziva različite bolesti kod ljudi. S. aureus 
izaziva upalu pluća, koju karakteriše lokalizovana nekroza 
tkiva. Cilj rada bio je da se ispita ekspresija mišjeg β-
defensina 3 (mBD-3) izazvana S. aureus-om u plućima miša i 
efekat ekspresije mBD-3 na signalni put mitogenom-
aktivisanih protein kinaza (MAPK). Metode. Razvijen je 
eksperimentalni model pneumonije izazvane S. aureus-om 
kod miševa, a ekspresija mBD-3 i aktivacija MAPK 
signalnog puta ispitivana je metodama imunofluorescencije i 
western blot-a. Rezultati. Eksperimentalni model je uspešno 
kreiran. Broj belih krvnih zrnaca bio je povećan nakon 48 i 
72 sata od unosa bakterija kroz disajne puteve miševa, a 
uočena je hiperemija bronhiolarne sluzokože uz prisustvo 
velikog broja belih krvnih zrnaca i sluzi u bronhiolama. 
Nivoi ekspresije mBD-3 nakon 48 i 72 sata od indukcije 
infekcije bili su viši od nivoa u kontrolnoj grupi i nakon 24 
sata od indukcije. Količina fosforilisane kinaze regulisane 
ekstracelularnim signalom (extracellular signal-regulated kinase, 
ERK1/2) bila je povećana nakon 48 i 72 sata posle 
indukcije infekcije u poređenju sa nivoom u kontrolnoj 
grupi i 24 sata posle indukcije. Ekspresija mBD-3 bila je 
niža kada je fosforilacija ERK1/2 bila inhibirana primenom 
inhibitora U0126. Zaključak. S. aureus na 
eksperimentalnom modelu mišje pneumonije ubrzava 
ekspresiju mBD-3 u plućima miša uglavnom posredstvom 
ERK1/2-zavisnog signalnog puta. 
 
Ključne reči: 
defensini; bolest, modeli na životinjama; pneumonija, 
stafilokokna; signali, transdukcija; staphylococcus 
aureus. 
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Introduction 

Staphylococcus aureus (S. aureus) is an important 
gram-positive human pathogen responsible for various dis-
eases and represents a leading cause of pneumonia (S. aureus 
pneumonia); its importance as a respiratory pathogen is on 
the rise 1, 2. S. aureus pneumonia, characterized by localized 
necrosis and inflammation, is one of the most prevalent S. 
aureus-mediated diseases and occurs in nearly 13.3% of all 
invasive staphylococcal infections 3. However, because of 
the ability of S. aureus to develop resistance to a large range 
of antibiotics, a decrease in the efficiency of current treat-
ments has been reported. Therefore, the development of nov-
el antibiotics or therapeutic strategies against staphylococcal 
infections is an obvious requirement 4, 5. 

Defensins are endogenous cationic peptides and effec-
tor molecules for the immune system because of their broad-
spectrum antimicrobial activity 6, 7; they are classified into α 
and β subfamilies. β-defensins exhibit a broad spectrum of 
activities against bacteria, viruses, and fungi, particularly at 
the epithelial interface of mucosal surfaces. β-defensin 3 
(BD-3) plays an important role in the inhibition of bacterial 
infections 8, 9. In humans, BD-3 has been found in airway 
surface fluids from patients with psoriasis, suggesting the 
protein may play a role in fighting local infection 10, 11. Hu-
man BD-3 can also enhance resistance against influenza vi-
rus and bacterial infections 12. Mouse BD-3 (mBD-3) has the 
same functions as human BD-3 13. 

Mitogen-activated protein kinases (MAPKs) constitute 
a paradigm of intracellular signaling 14. They are expressed 
ubiquitously and control a wide variety of critical cellular 
functions such as proliferation, differentiation, migration, 
and apoptosis 15. In this study, mBD-3 expression in mouse 
epithelial cells was induced by S. aureus in mouse lungs, and 
the effect of mBD-3 expression on the MAPK pathway was 
explored. 

Methods 

Experimental model of S. aureus pneumonia 
 
All procedures for the animal experiment were ap-

proved by the Animal Experimental Ethics Committee of In-
ner Mongolia Medical University (No. YKD2020059), and 
all protocols complied with relevant guidelines and the Ani-
mal Research Guideline. Specific pathogen-free mice were 
used for S. aureus infection experiments at seven weeks of 
age. The mice were divided into two groups (the control 
group and the S. aureus pneumonia group). The S. aureus 
pneumonia group mice were inoculated with 100 μL of S. 
aureus (ATCC-25923, 109 cells/mL) via the nasal route 16–19. 
The blood and lung tissue samples were collected 24, 48, and 
72 hrs after induction of pneumonia, and the white blood cell 
counts were analyzed with an Veterinary hematology ana-
lyzer (MEK-6450K, NIHON KOHDEN). Mice were hu-
manely sacrificed by euthanasia (chloral hydrate) after 
treatment. 

 

Hematoxylin and eosin staining 
 
The lung tissue samples were fixed with 10% neutral 

buffered formalin, embedded in paraffin, and cut into 4 μm 
thin pieces. The sections were deparaffinized at 65 °C for 4 
hrs with gradient ethanol and then stained with hematoxylin 
or Masson’s trichrome staining. 

 
Cell culture 
 
Pulmonary epithelial cells were obtained from the lungs 

of suckling mice 20–22. The cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS, Gibco, USA) and 1% penicillin-
streptomycin in a 37 °C incubator with an atmosphere of 5% 
CO2 and 95% air. S. aureus (103 cells/well) was added to the 
pulmonary epithelial cells (106 cells/well), and then the cells 
were incubated for 4, 8, and 12 hrs, and the inhibitor U0126 
(1.5 μM) was added to evaluate the function of phosphory-
lated ERK1/2. 

 
Immunofluorescence 
 
The lung tissue was frozen in liquid nitrogen and placed 

in a constant-temperature freezer. A small amount of optimal 
cutting temperature compound was added for cryosectioning. 
The sections were dried using a cold air blower and blocked 
with 5% bovine serum albumin for one hour. Afterward, the 
frozen sections were incubated with specific antibodies 
against mBD-3, washed, and labeled with Alexa Fluor 488 
goat anti-rabbit IgG (Invitrogen, A11008) for one hour. Fi-
nally, the samples were imaged and analyzed with fluores-
cence microscopy (Leica). 

The pulmonary epithelial cells grown on poly-L-lysine 
(Biochrom AG Seromed) coated glass coverslips were fixed 
with methanol/acetone. The fixed cells were incubated with 
mBD-3 antibody for one hour at room temperature (RT), fol-
lowed by goat anti-rabbit IgG conjugated to Alexa Fluor 488 
for one hour at RT. Finally, the samples were im-
aged and analyzed with fluorescence microscopy (Leica). 

 
Western blot 
 
The lung tissue or pulmonary epithelial cells were 

washed twice with cold PBS and lysed with radioimmuno-
precipitation lysis buffer (containing a protease inhibitor 
cocktail). The whole cell lysates were incubated at 4 °C for 
30 min, followed by centrifugation (12,000 g for 15 min, at 4 
°C). Protein samples were separated with SDS-PAGE elec-
trophoresis, transferred to a polyvinylidene difluoride 
(PVDF) membrane, and probed with specific antibodies 
against anti-ERK1/2 (Millipore Cat. No. 16-284), anti-
phospho-ERK1/2 (Millipore Cat. No. 05-797), anti-c-Jun N-
terminal kinase (JNK) (Millipore Cat. No. 04-210), anti-
phospho-JNK (Millipore Cat. No. 46-613MAG), anti-p38 
kinase (Millipore Cat. No. ABS29), and anti-phospho-p38 
(Millipore Cat. No. MABS64). 
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Statistical analysis 
 
Numerical data were analyzed as the mean ± standard de-

viation (SD) and compared using the unpaired Student’s t-test. 
Differences in values were considered significant at p < 0.05. 

Results 

Effect of S. aureus on white blood cell count and lung 
tissue 
 
The white blood cell count in the S. aureus-infected 

group was higher than in the control group (p < 0.05). Addi-
tionally, the white blood cell count was greater after 48 and 72 
hrs than after 24 hrs of pneumonia induction (p < 0.05). How-
ever, there was no significant difference between the numbers 
48 and 72 hrs after induction of the infection (Figure 1A). 

In the lung tissue stained with hematoxylin and eosin, 
the presence of more white blood cells corresponded with 
more bronchiolar mucosal hyperemia 48 and 72 hrs after in-
duction of the infection, and mucus was observed in the 
bronchioles, unlike the results for the control group and 24 
hrs after induction of the infection (Figure 1B). 

 
Expression of mBD-3 and the MAPK pathway in lung 
tissue 
 
To determine the expression of mBD-3 in the lung 

tissue, proteins were extracted from the lungs of S. aure-
us pneumonia mice. The results showed that the mBD-3 
level of expression was higher 48 and 72 hrs after pneu-
monia induction than the corresponding expression in the 
control group and 24 hrs after pneumonia induction 
(green Figure 2). 

 
Fig. 1 – A) The white blood cells (WBC) count; B) Hematoxylin and eosin 

staining of lung tissue from Staphylococcus aureus pneumonia mice. 
* significantly different from the 24-hour data point (p < 0.05); # significantly 
different from the control group at the same time point (p < 0.05). 
 

 
Fig. 2 − Mouse β-defensin 3 expression in lung tissue of 
Staphylococcus aureus pneumonia mice determined by 

immunofluorescence. DAPI- 4′,6-diamidino-2-phenylindole staining. 
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To assess MAPK signaling activity, the levels of total 
and phosphorylated ERK1/2, JNK, and p38 were measured 
by western blot (Figures 3A and B). The abundance of phos-
phorylated ERK1/2 was increased 48 and 72 hrs after pneu-
monia induction compared with the levels in the control 
group and 24 hrs after the induction (Figure 3B, p < 0.05). 
However, there were no changes in other proteins. Therefore, 
ERK1/2 may be the key protein that regulates mBD-3 ex-
pression. 

Expression of mBD-3 and the MAPK pathway in 
pulmonary epithelial cells 

Pulmonary epithelial cells incubated with S. aureus 
were evaluated for the expression of mBD-3 and the changes 
in the MAPK pathway. The results showed that the expres-
sion of mBD-3 in the pulmonary epithelial cells increased as 
the length of exposure to S. aureus increased (green Figure 
4A). To assess the MAPK signaling activity in pulmonary 

 
Fig. 3 − Effect of Staphylococcus aureus on mitogen-activated protein kinase pathway in 

lung tissue: A) Representative western blots showing levels of ERK1/2, JNK, p38, p-
ERK1/2, p-JNK, p-p38, and GAPDH; B) Histograms summarizing the results shown in 

A); GAPDH – glyceraldehyde-3-phosphate dehydrogenase; ERK1/2 – extracellular 
signal-regulated kinase 1/2; JNK – c-Jun N-terminal kinase; p38 – p38 kinase; p-ERK1/2 
– phosphorylated ERK 1/2; p-JNK – phosphorylated JNK; p-p38 – phosphorylated p38. 

Results are expressed as mean ± standard deviation (n = 5); * significantly different from the 
control group (p < 0.05); # significantly different from the 24-hour data point (p < 0.05). 

 

 
Fig. 4 − Effect of Staphylococcus aureus on mouse β-defensin 3 expression and mitogen-
activated protein kinase pathway in pulmonary epithelial cells: A) mBD-3 expression 

determined by immunofluorescence; B) Representative western blots showing levels of 
ERK1/2, p38, p-ERK1/2, p-JNK, p-p38, and GAPDH; C) Histograms summarizing the 

results shown in B). For abbreviations see under Figure 3.  
Results are expressed as mean ± standard deviation (n = 5); * significantly different from the 

control group (p < 0.05); # significantly different from the 4-hour data point (p < 0.05). 
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epithelial cells, the levels of total and phosphorylated ERK1/2, 
JNK, and p38 kinase were measured by western blot analysis 4, 
8, and 12 hrs after the beginning of incubation. The phosphory-
lated ERK1/2 was highest at 8- and 12-hour points (Figures 4B 
and C, p < 0.05), suggesting that ERK1/2 plays a key role in 
mBD-3 expression. To test this theory, U0126 (a specific inhib-
itor of ERK1/2 phosphorylation) was used to silence ERK1/2 
expression. The result showed a decrease in the expression of 
mBD-3 (Figure 5A) when ERK1/2 phosphorylation was inhib-
ited, while the expression of other proteins remained un-
changed (Figures 5B and C). 

Discussion 

S. aureus is a globally distributed pathogen that can in-
duce serious diseases in many species and cause infections in 
lung tissue, soft tissue, the bloodstream, etc. 13, 23. Since 
mBD-3 is a natural antimicrobial peptide, it can inhibit the 
growth of bacteria and viruses. An experimental model of S. 
aureus pneumonia in mice was successfully developed 24, 25, 
and in this study the effect of mBD-3 expression on the 
MAPK pathway was explored. 

The white blood cell count was higher 48 and 72 hrs af-
ter induction of infection compared to the control group and 
the 24-hour point. Bronchiolar mucosal hyperemia was ob-
served, along with the presence of a large number of white 
blood cells and mucus in the bronchioles. S. aureus infection 
was found in the lungs. 

In the lungs of mice with S. aureus pneumonia, the 
mBD-3 expression was higher, and the level of phosphory-
lated ERK1/2 was increased 48 and 72 hrs after the onset of 

infection in comparison to the 24 hrs after the onset of infec-
tion. That indicated that the levels of mBD-3 expression and 
phosphorylated ERK1/2 increased over time. We also evalu-
ated the activity of MAPK signaling pathways. MAPKs are a 
superfamily of serine/threonine kinases that includes 
ERK1/2, JNK, and p38 26–28. These kinases are involved pri-
marily in the activation of nuclear transcription factors that 
control cell proliferation, differentiation, and apoptosis. Our 
results suggest that S. aureus accelerates mBD-3 expression 
via the ERK1/2 signaling pathway, not through the activation 
of JNK or p38. The level of phosphorylated ERK1/2 in pul-
monary epithelial cells exposed to S. aureus was highest 8 
and 12 hrs after the beginning of incubation with the bacte-
ria. Furthermore, the blocking of ERK1/2 by chemical inhi-
bition suppressed mBD-3 expression. When S. aureus invad-
ed the lung epithelial cells, the mBD-3 secreted from the 
cells enhanced the resistance against infection, and the phos-
phorylated ERK1/2 promoted mBD-3 secretion. 

Conclusion 

Overall, our results provide evidence that the S. aureus 
signaling pathway accelerates mBD-3 expression mainly 
through an ERK1/2-dependent pathway in mouse lungs. 
Thus, our findings suggest that mBD-3 expression is regulat-
ed by the ERK1/2 pathway. 
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Fig. 5 − Effect of Staphylococcus aureus on mouse β-defensin 3 expression and mitogen-

activated protein kinase pathway after pERK1/2 inhibition in pulmonary epithelial cells: 
A) mBD-3 expression determined by immunofluorescence; B) Representative western blots 

showing levels of ERK1/2, JNK, p38, p-ERK1/2, p-JNK, p-p38, and GAPDH; C) 
Histograms summarizing the results shown in B). For abbreviations see under Figure 3. 

Results are expressed as mean ± standard deviation (n = 5). 
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