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Abstract. Inflammation of epithelial and endothelial cells 
accelerates the progress of acute lung injury (ALI), and pulmo-
nary fibrosis is the leading cause of mortality in patients with 
acute respiratory distress syndrome. Interleukin‑6 (IL‑6) is a 
pleiotropic cytokine implicated in the pathogenesis of a number 
of immune‑mediated disorders, and is involved in pulmonary 
fibrosis. Prohibitin (PHB) is a highly conserved protein impli-
cated in various cellular functions, including proliferation, 
apoptosis, tumor suppression, transcription and mitochondrial 
protein folding. PHB was identified to be associated with a 
variety of pulmonary diseases, including pulmonary fibrosis. 
Based on the lipopolysaccharide (LPS)‑induced cell model of 
ALI, the present study examined the expression of PHB and 
the extracellular matrix (ECM) in the process of pulmonary 
inflammation. MLE‑12 cells were divided into 2 groups: The 
control group was administered sterile PBS; the treatment 
group was administered 500 ng/ml LPS for 12 h. The mRNA 
expression of IL‑6 in the treatment group was significantly 
upregulated compared with the control group (P<0.05). The 
protein expression of IL‑6 in the treatment group was mark-
edly increased compared with the control group (P<0.05). 
ECM components, including collagen‑IV and fibronectin, in 
the treatment group were markedly increased when compared 
with the control group (P<0.05). The mRNA and protein 
expression levels of PHB1 and PHB2 were significantly 
upregulated following treatment with LPS (both P<0.05). 
The present study identified that PHB and ECM component 
levels increased in the LPS‑induced ALI cell model, and 
further investigations may be performed to verify the detailed 
mechanism.

Introduction

Acute lung injury (ALI) is the early stage of acute respiratory 
distress syndrome (ARDS), which is a severe inflammatory 
injury to the lung  (1). ALI/ARDS is characterized by the 
accumulation of protein‑rich edema fluid in the alveolar 
compartments of the lung (2). The mechanism of lung injury 
varies with the cause; for example, increased vascular perme-
ability, overproduction of cytokines, leukocyte recruitment 
and surfactant dysfunction, leading to interstitial and alveolar 
pulmonary edema, alveolar collapse and hypoxemia. Damage 
to epithelial and endothelial cells serves an important role in 
the development of ALI/ARDS (3). The clinical manifestation 
is characterized by regeneration and healing via resection 
or repair, frequently leading to persistent intra‑alveolar and 
interstitial fibrosis (4). Survivors of ARDS are often exhibit 
chronic pulmonary fibrosis, reduced pulmonary function and 
diminished health‑related quality of life (5). Indeed, chronic 
inflammation and tissue fibrosis are principal causes of 
morbidity and mortality in the chronic stage of ARDS, which 
is responsible for ~30% of hospital mortalities following lung 
resection (6).

Pulmonary fibrosis is a devastating lung problem charac-
terized by diffuse interstitial inflammation and exaggerated 
collagen accumulation, which in turn leads to the destruc-
tion of alveolar structures and remodeling (7). Extracellular 
matrix (ECM) accumulation includes the accumulation of 
collagen‑IV (Col‑IV) and fibronectin (FN). The pathogenesis 
of pulmonary fibrosis in acute lung injury, including ARDS, 
is poorly understood at present; therefore, there is an urgent 
need to expand the present understanding of the pathogenesis 
of ALI.

Interleukin (IL)‑6 is a pleiotropic cytokine implicated 
in the pathogenesis of numerous infectious diseases and a 
number of immune‑mediated disorders  (8,9). IL‑6 binds 
to an IL‑6 receptor, and associates with a dimer of the 
ubiquitously‑expressed gp130 receptor subunit, which initiates 
intracellular signaling (9). Certain studies have indicated that 
IL‑6 is involved in pulmonary fibrosis in vivo (10‑12).

Prohibitin (PHB) is a highly‑conserved protein that has 
multiple functions in the cell  (10‑12). The PHB1 gene is 
located on chromosome 17q21 and encodes a 30 kDa protein 
that associates with prohibitin 2 (PHB2) forming 16‑20‑mer 
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ring‑like structures with chaperone or scaffolding activities 
within the mitochondria (13). These structures share >50% 
identical amino acid residues and are two members of the 
PHB family (14). PHB1, along with the highly homologous 
PHB2, is ubiquitously expressed in an array of eukaryotic 
organisms (15). PHB1 is involved in multiple cellular functions 
and the subcellular localization of prohibitin may determine 
its function (16). PHB in membranes regulates the cellular 
signaling of membrane transport, nuclear PHB controls tran-
scription activation and the cell cycle, and the mitochondrial 
PHB complex stabilizes the mitochondrial genome and modu-
lates mitochondrial dynamics, mitochondrial morphology, 
mitochondrial biogenesis and the mitochondrial intrinsic 
apoptotic pathway (16). Alterations in PHB1 levels have been 
associated with pathologies, including inflammation, obesity, 
autoimmunity or cancer (17‑19). PHB1, which may be a poten-
tial therapeutic target for the treatment of a variety of diseases, 
has been reported to prevent inflammation‑associated oxida-
tive stress and injury due to its antioxidant properties (20,21).

Previously, certain studies identified that PHB was associ-
ated with pulmonary disease. Soulitzis et al (22) reported that, 
non‑chronic obstructive pulmonary disease (COPD) smokers 
exhibited lower PHB1 mRNA expression levels when compared 
with non‑smokers, while PHB1 expression was even further 
decreased in patients with COPD. By contrast, PHB2 levels 
were similar among the three study groups. Agrawal et al (23) 
demonstrated that in a mouse model of allergic airway inflam-
mation, vitamin D deficiency decreased the expression of 
vitamin D receptor (VDR) and PHB. Supplementation with 
vitamin D may increase the expression of VDR and PHB, 
which may be responsible for reducing allergic airway inflam-
mation. Meanwhile, certain studies identified that PHB was 
associated with inflammation and fibrosis. PHB expression has 
been proven to be negatively correlated with hepatic, intestinal 
and renal interstitial fibrosis (24‑26).

Lipopolysaccharide (LPS) is widely accepted in the esta
blishment of ALI models and has the ability to induce the 
release of numerous inflammatory mediators, including tumor 
necrosis factor (TNF)‑α, IL‑1β, IL‑6, NO and superoxide 
anions (27). Intratracheal administration of LPS increases 
cytokine levels in bronchial alveolar lavage fluids, whereas 
LPS challenge in lung endothelial or bronchial epithelial cells 
enhances barrier permeability and IL‑6 release (28).

At present, to the best of our knowledge, there have been 
no studies confirming the roles served by PHB in ALI. Based 
on the LPS‑induced cell model of ALI, the present study 
explored the expression of PHB and ECM in the process of 
ALI. The results of the present study revealed that PHB and 
ECM increased in an LPS‑induced acute injury cell model.

Materials and methods

Cell culture and treatments. The murine alveolar epithelial cell 
line MLE‑12 was purchased from the American Type Culture 
Collections (ATCC; Manassas, VA, USA) and cultured in 
Dulbecco's modified Eagle's medium/F12 supplemented with 
10% fetal bovine serum (both from Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), 0.1 mg/ml streptomycin 
and 100 U/ml penicillin (Gibco; Thermo Fisher Scientific, 
Inc.) and maintained in a 5% CO2 and 95% air atmosphere 

at 37˚C. The culture medium was replaced with fresh medium 
every 2 days. Cells were plated at a density of 4x105 cells/well 
in 6‑well plates overnight. Once the cells reached 80% conflu-
ence, they were divided into two groups and treated as 
follows: The control group was treated with sterile PBS and 
the treatment group was stimulated with 500  ng/ml LPS 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) for 12 h 
(determined by our pre‑experiment) (Zang et al, unpublished 
study). Total proteins and mRNA were extracted from cells 
following the 12 h incubation.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. To detect the mRNA expression levels 
of IL‑6, PHB1 and PHB2, total RNA was extracted from 
each group using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions, 
and the quality and concentration were assessed. RNA (1 µg) 
was reverse‑transcribed using the ReverTra Ace qPCR RT kit 
(cat. no. FSQ‑101; Toyobo Co., Ltd., Osaka, Japan), according 
to the manufacturer's instructions. qPCR was performed 
with SYBR Green Real‑time PCR Master Mix (Takara Bio, 
Inc., Otsu, Japan) on an Applied Biosystems 7500 Real‑time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The qPCR thermal cycling was performed as follows: 
Initial incubation for 10 min at 95˚C, followed by denaturing 
for 40 cycles at 95˚C for 15 sec and annealing for 60  sec 
at 60˚C, and elongation at 60˚C for 15 sec. All reactions were 
performed in triplicate, with three samples from different 
groups. The quantification of target mRNAs was normalized 
to β‑actin, an internal control gene. The average quantification 
cycle (Cq; the cycles of template amplification to the threshold) 
was worked out as the value of each sample. The data for fold 
change was analyzed using the 2‑ΔΔCq method (29). The primer 
sequences were as follows: β‑actin forward, 5'‑ATG​GAG​GG 
G​AAT​ACA​GCC​C‑3' and reverse, 5'‑TTC​TTT​GCA​GCT​CCT​
TCG​TT‑3'; PHB1 forward, 5'‑GGG​AAG​GAG​TTC​ACA​GAG​
GCA​GTA‑3' and reverse, 5'‑CAC​CCT​CAG​CAG​AGA​TGA​
TGGC‑3'; PHB2 forward, 5'‑CAA​GAA​CCC​CAC​CAC​CAG​
AGA​A‑3' and reverse, 5'‑TCC​AAG​AGG​GCA​GAT​ACA​GAA​
AAG‑3'; IL‑6 forward, 5'‑ACC​AGA​GGA​AAT​TTT​CAA​TAG​
GC‑3' and reverse, 5'‑TGA​TGC​ACT​TGC​AGA​AAA​CA‑3'.

Western blot analysis. Protein was extracted using 1X SDS 
sample buffer (Sigma‑Aldrich; Merck KGaA) with a cocktail 
of protease and phosphatase inhibitors. Following the measure-
ment of protein concentration using a bicinchoninic acid 
kit (Beijing Dingguo Changsheng Biotechnology Co., Ltd., 
Beijing, China) with a microplate spectrophotometer (Thermo 
Fisher Scientific, Inc.), the protein samples were denatured by 
heating at 95˚C for 10 min, and 30 µg/lane protein was sepa-
rated by 9‑15% SDS‑PAGE (ranging according to the molecular 
weight of the target protein) and then transferred onto nitro-
cellulose membranes (EMD Millipore, Billerica, MA, USA). 
Membranes were blocked with 5% non‑fat milk in TBS with 
0.1% Tween‑20 (TBST; Sigma‑Aldrich; Merck KGaA) at 4˚C 
for 60 min. Following rinsing with TBST, the membranes 
were probed with primary antibodies against PHB1 (cat. 
no. ab75771; 1:1,000), PHB2 (cat. no. ab154992; 1:1,000) (both 
from Abcam, Cambridge, UK), IL‑6 (cat. no. 12,912; 1:1,000; 
Cell Signaling Technology, Inc., Danvers, MA, USA), Col‑IV 
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(cat. no. ab6586; 1:5,000) and FN (cat. no. ab45688; 1:5,000) 
(both from Abcam) at 4˚C overnight, followed by incubation 
with IRDye 800CW goat anti‑rabbit secondary antibody (cat. 
no. 042‑07‑15‑06; 1:10,000; LI‑COR Biosciences, Lincoln, 
NE, USA) at 4˚C for 30 min protected from light. β‑actin 
(cat. no. 4970; 1:1,000; Cell Signaling Technology, Inc.) was 
used as an internal loading control. Immunoblot detection 
was performed with the Odyssey Imaging System (LI‑COR 
Biosciences) and densitometric analysis was performed using 
Adobe Photoshop (version 13.0; Adobe Systems Inc., San Jose, 
CA, USA).

Statistical analysis. Data are expressed as mean ± standard 
deviation of >3  replicates. All statistical analyses were 
performed using SPSS version  19.0 statistical software 
(IBM Corp., Armonk, NY, USA). Comparisons between two 
groups were performed using the Student's t‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

mRNA and IL‑6 protein expression are upregulated following 
stimulation with LPS. The mRNA expression of IL‑6 in 
MLE‑12 following treatment with LPS (treatment group) was 
significantly upregulated compared with the control group 
(P<0.05; Fig. 1A). Western blot analysis indicated that the 
protein expression of IL‑6 in the treatment group was markedly 
increased compared with the control group (P<0.05; Fig. 1B).

ECM components Col‑IV and FN accumulate in murine 
alveolar epithelial cells following acute injury. The protein 
expression levels of ECM components (Col‑IV and FN) were 
detected via western blotting. ECM components, including 
Col‑IV and FN, in the treatment group were markedly increased 
when compared with the control group (P<0.05; Fig. 2). This 
indicated that ECM components were accumulated in alveolar 
epithelial cells following acute inflammatory injury.

mRNA expression levels of PHB1 and PHB2, and western 
blot analysis of PHB1 and PHB2. The mRNA expression 
levels of PHB1 and PHB2 in the treatment group were signifi-
cantly upregulated compared with the control group (P<0.05; 
Figs. 3 and 4). Furthermore, western blot analysis indicated 
that protein expression levels of PHB1 and PHB2 in the 
treatment group were increased compared with the control 
group (P<0.05; Figs. 3 and 4).

Discussion

Pulmonary fibrosis is a chronic, progressive and irreversible 
process. Severe inflammatory injury in the lungs frequently 
leads to persistent fibrosis (4). Patients with ARDS frequently 
exhibit chronic pulmonary fibrosis. The presence of fibrosis 
is significantly correlated with the duration of ARDS. 
Additionally, fibrosis may be an important reason for the poor 
prognosis of patients with ARDS, since it leads to decreases in 

Figure 1. mRNA and protein expression of IL‑6 in the murine alveolar 
epithelial cell line MLE12 is upregulated following stimulation with 
lipopolysaccharide. (A) Analysis of IL‑6 mRNA expression by reverse 
transcription‑qPCR. (B) Analysis of IL‑6 protein expression by western blot-
ting. For qPCR, relative mRNA expression was normalized to GAPDH. For 
western blotting, β‑actin was used as an internal control. Experiments were 
repeated at least three times with similar results. *P<0.05 vs. control group. 
IL, interleukin; CON, control; TREAT, treatment group; qPCR, quantitative 
polymerase chain reaction.

Figure 2. Extracellular matrix components, including Col‑IV and FN, accu-
mulate in murine alveolar epithelial cells following acute injury. (A) Analysis 
of Col‑IV protein expression in MLE12 cells by western blotting. (B) Analysis 
of FN protein expression in MLE12 cells by western blotting. β‑actin was 
used as an internal control in western blotting. Experiments were repeated at 
least three times with similar results. *P<0.05 vs. control group. Col, collagen; 
FN, fibronectin; CON, control; TREAT, treatment group.

Figure 3. mRNA and protein expression of PHB1 in MLE12 cells is positively 
correlated with extracellular matrix accumulation. (A) Analysis of PHB1 
mRNA expression by reverse transcription‑qPCR. (B) Analysis of PHB1 
protein by western blotting. For qPCR, relative expression of mRNA was 
normalized to GAPDH. For western blotting, β‑actin was used as an internal 
control. Experiments were repeated at least three times with similar results. 
*P<0.05 vs. control group. PHB, prohibitin; CON, control; TREAT, treatment 
group; qPCR, quantitative polymerase chain.

Figure 4. mRNA and protein expression of PHB2 in MLE12 is positively 
correlated with extracellular matrix accumulation. (A) Analysis of PHB2 
mRNA expression by reverse transcription‑qPCR. (B) Analysis of PHB2 
protein by western blotting. For qPCR, relative expression of mRNA was 
normalized to GAPDH. For western blotting, β‑actin was used as an internal 
control. Experiments were repeated at least three times with similar results. 
*P<0.05 vs. control group. PHB, prohibitin; CON, control; TREAT, treatment 
group; qPCR, quantitative polymerase chain reaction.
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lung compliance and oxygenation (30,31). Pulmonary fibrosis 
is characterized by the activation of myofibroblasts, which 
may originate from epithelial cells via the onset of epithelial 
to mesenchymal transition (EMT). The persistence of the 
myofibroblasts beyond a period of normal repair has been 
associated with excessive ECM accumulation, finally resulting 
in pulmonary fibrosis (32,33). A previous study demonstrated 
that LPS induces EMT and pulmonary fibrosis in vivo (34).

LPS, a major component of Gram‑negative bacteria, is one 
of the principal pro‑inflammatory reaction factors in infection 
diseases, leading to inflammatory overreactions in vitro and 
in vivo. It has been reported to be one of the primary factors 
that induces the inflammatory response, and the LPS‑induced 
murine model of lung injury has been widely used to inves-
tigate the mechanisms of ALI (28,35). In the model of ALI, 
LPS significantly increased the production of inflammatory 
cytokines including TNF‑α, IL‑1β and IL‑6, which has been 
demonstrated to be involved in the development of ALI (36). 
In the present study, a similar ALI cell model was created via 
stimulation with 500 ng/ml LPS, according to the protocol 
of Zhu et al (37). IL‑6 was considered to be a marker of the 
LPS‑induced inflammatory response (38). According to the 
data from the present study, the mRNA and protein expression 
levels of IL‑6 were notably increased via LPS stimulation, 
compared with the control group. This finding was consis-
tent with previous studies and indicated that the model of 
LPS‑induced acute injury was successfully established.

A previous study (39) demonstrated that IL‑6 response 
element (IL‑6RE) is the essential transcription regulatory site 
for maximal basal and IL‑6‑induced PHB promoter activity. 
Signal transducer and activator of transcription 3 mediates 
basal and IL‑6‑induced PHB transcription and binds to 
IL‑6RE in the PHB promoter. It may be hypothesized that IL‑6 
increases PHB protein and mRNA expression by activating the 
PHB promoter in vitro and in vivo (39). In the present study, 
the mRNA and protein expression levels of PHB1 and PHB2 
in alveolar epithelial cells stimulated with LPS were increased 
compared with those in the control group. The present study 
revealed that increased IL‑6 was associated with the upregula-
tion of PHB in murine alveolar epithelial cells.

Certain studies have identified that PHB is associated with 
inflammation and fibrosis in multiple diseases. Ko et al (24) 
suggested that a liver‑specific deletion of PHB1 results in 
marked liver fibrosis. Yuan et  al  (40) reported that treat-
ment with IL‑10 is associated with increased PHB, and may 
decrease inflammation and fibrosis in an animal model of 
Crohn's disease; PHB may be a potential target for intestinal 
fibrosis associated with inflammatory bowel disease (IBD). 
Zhou et al (38) demonstrated that lower expression of PHB 
was associated with increased renal interstitial fibrosis and 
ECM accumulation. Previous studies (20,21) suggested that 
PHB serves an important role in combating oxidative stress, 
by interacting with the NADH dehydrogenase subunits of 
mitochondrial respiratory complex I. Following the above 
studies, it was hypothesized that, in the LPS‑induced ALI cell 
model, PHB may alleviate the process of pulmonary fibrosis 
due to its role in antioxidant stress.

In the present ALI model of alveolar epithelial cells, ECM 
and PHB were upregulated simultaneously. This appears to 
contradict the effect of PHB identified in previous reports on 

pulmonary disease and fibrosis, where PHB1 was proven to be 
a protective factor in patients with COPD (22) and the deletion 
of PHB1 was demonstrated to exacerbate liver fibrosis (24). 
The present study suggested that this discrepancy may be 
attributed to the protective effect of PHB, which may not 
reverse the process of LPS‑induced fibrosis.

In a previous study of IBD, decreased expression of prohib-
itin was associated with intestinal fibrosis progression, and 
treatment with IL‑10 was associated with increased prohibitin, 
thereby ameliorating intestinal fibrosis (40). There has been 
no study, to the best of our knowledge, which has investigated 
the potential association of PHB with ECM accumulation in 
murine alveolar epithelial cells following treatment with LPS. 
Following previous studies, the present study hypothesized 
that, in an LPS‑induced alveolar epithelial cell injury model, 
upregulation of PHB expression may effectively alleviate 
pulmonary fibrosis and become a novel therapeutic target.

Although the mechanism underlying PHB and ECM accu-
mulation in pulmonary fibrosis remains to be elucidated, PHB 
and ECM components were upregulated in the ALI cell model in 
the present study. The possible signaling pathway merits investi-
gation in further research into the process of pulmonary fibrosis, 
which includes pulmonary inflammation, apoptosis and fibrosis.

In conclusion, the present study identified that the PHB 
expression level increased and ECM components accumulated 
in murine alveolar epithelial cells with LPS‑induced acute 
injury, and further investigations may be performed to verify 
the detailed mechanism.
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