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Abstract. Alveolar type (AT) II cells transdifferentiate into 
ATI cells and as such represent a promising source for regen-
erating lung epithelium following lung injury. ATII cells 
are characterized by the presence of lamellar bodies (LBs), 
which store and secrete the surfactant protein-C (SP-C). 
Lung ischemia-reperfusion injury (LIRI) causes a distinct 
impairment of the ATII cell function, subsequently hindering 
lung repair by loss of ATI transdifferentiation. In this study, 
we provide new evidence that the 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase inhibitor simvastatin may 
restore the function of impaired ATII cells in vitro and in vivo. 
ATII cell lines, A549 (human) and MLE-12 (mouse), were 
subjected to hypoxia-reoxygenation (H/R) injury. Simvastatin 
pretreatment at low (5-20 µM), but not high (50-100 µM) 
doses markedly reduced apoptosis and increased proliferation 
and SP-C expression. In a rat lung ischemia-reperfusion (I/R) 
model, simvastatin treatment also increased ATII cell prolif-
eration in vivo, as demonstrated by proliferating cell nuclear 
antigen/SP-C double staining. Transmission electron micros-
copy revealed that the number and volume density of LBs were 
significantly increased in the simvastatin-treated rat lungs. 
The protective effects of simvastatin were reversed in vitro by 
PI3-kinase (PI3K) inhibitors wortmannin and L-mevalonate, 
indicating that the PI3K/Akt and mevalonate pathways may be 
involved in simvastatin-induced ATII cell function restoration. 

These data demonstrate that an appropriate dose of simvastatin 
has a protective effect on LIRI in vitro and in vivo, due at least 
partially to restored ATII cell function via the HMG-CoA 
reductase pathway-dependent activation of PI3K/Akt signaling 
in a mevalonate pathway-dependent manner.

Introduction

The lung alveolar epithelium covers 99% of the internal 
surface area of the lung and is composed of two morpho-
logical and functional distinct types of cells: alveolar type I 
(ATI) and type II (ATII). ATI cells have a broad flat shape, 
covering 95% of the alveolar surface and accounting for 40% 
of the alveolar epithelium and 8% of the peripheral lung cells. 
ATII cells, however, have a small cuboidal shape, covering 
only 5% of the alveolar surface and accounting for 60% of 
the alveolar epithelium and 15% of peripheral lung cells (1-3). 
ATII cells are also distinguished by the presence of lamellar 
bodies (LBs), intracellular organelles that store and secrete 
surfactant protein-C (SP-C). Functionally, ATII cells regulate 
alveolar fluid levels and contribute to host defense and the 
immune response (4,5). Notably, accumulating evidence 
indicates that ATII cells are the progenitors of ATI cells in the 
alveoli; ATII cells are believed to play a pivotal role in main-
taining tissue homeostasis via epithelium restoration (1,3,6).

Once ATI cells become damaged by lung injury, ATII 
cells proliferate and transdifferentiate into ATI cells, thereby 
facilitating the repair of lung epithelium (1,3,6). Transfusion 
of exogenous ATII cells derived from human embryonic stem 
cells was reported to efficiently repair acute lung injury in a 
mouse model (7). Using a rat lung ischemia-reperfusion injury 
(LIRI) model, we also discovered that ATII cells displayed 
a self-repair capacity. However, the process was protracted 
and insufficient (8). Therefore, research efforts are focused 
on developing methods to endogenously enhance the repair 
capacity of ATII cells or exogenously increase ATII cells (1,3).

Statins, 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors, were initially devel-
oped as antimicrobials but quickly gained popularity for 
their efficacious lipid-lowering effects. Their widespread 
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clinical use as first-line drugs for hyperlipidemia revealed 
potential pleiotropic pharmacological effects, and extensive 
research studies have demonstrated that the statins elicit anti-
inflammatory and angiogenic effects and improve vascular 
endothelial cell functions (9,10). The HMG-CoA reductase 
pathway (also known as the mevalonate pathway) is essential 
for the synthesis of a number of isoprenoids, such as the 
prenylation-inducing farnesyl pyrophosphate and geranyl-
geranyl pyrophosphate, and mevalonate pathway-derived 
isoprenylation (and associated membrane localization) is a 
prerequisite for ligand-induced activation of several proteins. 
Since statins are able to inhibit HMG-CoA conversion to 
mevalonate, the pleiotropic effects of statins are usually meva-
lonate pathway-dependent (11). In addition, statin-induced 
inhibition of the mevalonate pathway may lead to the activa-
tion of the phosphatidylinositol-3 kinase (PI3K)/Akt pathway, 
which tightly controls cell fate processes, including prolifera-
tion and apoptosis and has been proposed as a mechanism of 
the protective effects of statin (12).

In terms of lung injury, Naidu et al (13) were the first to 
demonstrate that simvastatin was able to ameliorate LIRI and 
determined that the mechanism involved a modulation of the 
endothelial nitric oxide synthase (eNOS). Müller et al (14) 
later reported that high-dose simvastatin was able to attenuate 
ventilator-induced injury in mice by reducing pulmonary 
inflammation and hyperpermeability. However, clinical trials 
have not yet completely confirmed the protective effects of 
statins in lung injury. One trial discovered that statins had 
no influence on the progression of lung injury (15), but two 
others reported that statins improved organ dysfunction in 
acute lung injury (16) and decreased the lipopolysaccharide-
induced pulmonary inflammation in healthy volunteers (17). 
Therefore, research to comprehensively elucidate under what 
conditions and by what mechanisms statins attenuate acute 
lung injury is required. Recently, simvastatin was shown to 
improve lung function by improving alveolar epithelial cell 
proliferation in a chronic obstructive pulmonary disease 
mouse model (18). We, therefore, hypothesized that simvas-
tatin may also enhance the proliferation of ATII cells, which 
repairs the lung epithelium and thereby attenuates LIRI.

In this study, we demonstrated that simvastatin restores 
the function of impaired ATII cells both in vitro and in vivo, 
by using ATII cell lines (human A549 and mouse MLE-12) 
and a rat LIRI model, respectively. The data revealed that 
the restoration of ATII cell function involves the activation 
of PI3K/Akt signaling in a mevalonate pathway-dependent 
manner.

Materials and methods

Cell culture and the hypoxia-reoxygenation (H/R) injury 
model. The human alveolar epithelium-derived type II cell 
line A549 (CCL-185) and mouse lung epithelial type II cell 
line MLE-12 (CRL-2110) were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). The 
cells were respectively cultured in RPMI-1640 (Hyclone) and 
DMEM/F-12 media (Sigma-Aldrich, St. Louis, MO, USA) 
supplemented with 10% fetal bovine serum (FBS; Invitrogen 
Life Technologies), penicillin (100 U/ml) and streptomycin 
(10 µg/ml) in a humidified atmosphere of 5% CO2 at 37˚C. 

Logarithmically growing cells were seeded at a density of 
5x104 cells/ml for the following experiments. A hypoxic 
condition was created by incubating cells in a hypoxia 
chamber (Billups-Rothenberg, Del Mar, CA, USA) with an 
atmosphere of 95% N2/5% CO2 at 37˚C for 2 h for each cell 
group.

Cell proliferation assay. Cell proliferation was determined 
using the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, 
Japan) assay according to the manufacturer's protocol. Cells 
were suspended at a final concentration of 5x103 cells/well 
and cultured in 96-well flat bottom tissue culture plates. Cells 
were randomly divided into 7 groups, including the control 
and 6 simvastatin (Sigma-Aldrich) treatment groups (5, 10, 20, 
30, 50 and 100 µmol/l). Cells were pretreated with simvastatin 
for 30 min prior to incubation in hypoxic conditions. The 
proliferation assay was performed at 0, 2, 4, 6, 12 and 24 h 
after reoxygenation. The proliferation ability of cells was 
evaluated by absorbance measurements at 450 nm using an 
automated microplate reader (CliniBio 128C; Tecan, Grödig, 
Austria). Final data from each cell group were normalized by 
subtracting the absorbance values of the blank group (cells 
without any treatment) and the experiments were performed 
in triplicates/group for each time point.

Flow cytometry. The ratio of apoptotic cells to SP-C-positive 
ATII cells was determined by flow cytometry (FACSCalibur; 
BD Biosciences, Franklin Lakes, NJ, USA) according to the 
manufacturer's instructions. Cells were suspended at a final 
concentration of 3x105 cells/well and cultured in 6-well flat 
bottom tissue culture plates. Cells were randomly divided 
into 6 groups including the control (H/R injury only) and 
4 simvastatin treatment groups (5, 10, 20 and 50 µmol/l). For 
apoptosis assay, cells were harvested at 4 h after reoxygen-
ation and analyzed by Annexin V (AV), propidium iodide 
(PI) and an apoptosis detection kit (BD Biosciences). For 
detecting SP-C-positive ATII cells, cells were harvested at 
24 h after reoxygenation and immunoreacted with primary 
antibody rabbit polyclonal anti-SP-C and secondary antibody 
Cy-3-labeled goat anti-rabbit IgG (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA).

Animals and experimental design. Male Sprague-Dawley 
rats were obtained from the Laboratory Animal Center of 
Zhejiang Province (Hangzhou, China). All animals received 
human care in compliance with The Principles of Laboratory 
Animal Care, formulated by the National Society of Medical 
Research and Guide for the Care and Use of Laboratory 
Animals, published by the US National Institutes of Health 
(Publication no. 85-23, revised 1996). The experimental 
protocol was approved by the Animal Care and Scientific 
Committee of Nanjing Medical University. The animals were 
randomly divided into 4 groups (n=6 for each group at each 
time point): sham (no hilar clamping); I/R (left hilar clamping 
only); LSIM (orally treated with a low dose of 0.5 mg/kg/day 
simvastatin for 3 days prior to surgery and until the end of the 
experiments); HSIM (high dose of 5 mg/kg/day simvastatin, 
same schedule as LSIM). The rat LIRI model was established 
as previously described (8). Briefly, animals of the I/R group 
underwent warm ischemia for 60 min by left pulmonary hilar 
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occlusion. Animals of the sham group underwent identical 
procedures without left pulmonary hilar occlusion. All 
animals of the 4 groups were sacrificed at baseline and 4 h 
and 3 days after reperfusion.

Lung injury evaluation. Lung injury was evaluated by hema-
toxylin and eosin (H&E) staining and myeloperoxidase (MPO) 
activity assay. The specimens of the upper portion of the left 
lung were fixed in normal 4% buffered formalin for 48 h, 
followed by dehydration in an ascending series of alcohol and 
embedded in paraffin wax. Sections (~4 µm) were stained with 
H&E. Neutrophil infiltration and other inflammatory changes 
were examined in detail under light microscopy. MPO activity 
assay was used to compare the relative neutrophil sequestra-
tion in lung tissue of the experimental animals as previously 
described (8). Lung tissue MPO activity was expressed as the 
change in absorbance/g of protein/min.

Harvest of bronchoalveolar lavage (BAL) fluid. At the end of 
each experiment, BAL fluid was obtained by cannulating the 
trachea with a blunt 20-gauge needle and lavaging the lungs 
3 times with 1 ml of ice-cold PBS. The BAL was immediately 
centrifuged at 1000 rpm for 15 min to remove all cells and 
cellular debris. The supernatant was stored at -80˚C until the 
protein concentrations were measured.

Double immunofluorescence staining. The left lung of each 
rat was collected and embedded in paraffin. Specimens were 
cut into 4-µm serial sections, incubated overnight at 50˚C 
and double stained for SP-C and proliferating cell nuclear 
antigen immunofluorescence. FITC-labeled goat anti-mouse 
IgG and Cy-3-labeled goat anti-rabbit IgG were employed as 
secondary antibodies for SP-C (rabbit polyclonal anti-SP-C; 
Santa Cruz Biotechnology, Inc.) and proliferating cell nuclear 
antigen (mouse monoclonal anti-PCNA; Abcam), respectively. 
Sections were examined using a Leica microscope equipped 
with a reflected light fluorescence device. Positively stained 
cells were counted by an investigator in a blinded manner. 
The number of positive cells was determined in 6 random 
areas in a high magnification field (x400)/section.

Ultrastructural analysis. At the end of each experiment, 
the lower portion of the left lung (1 mm3) was collected and 
fixed in 2.5% glutaraldehyde for >12 h before processing for 
transmission electron microscopy (TEM). After primary fixa-
tion, pieces of each section were washed in 0.1 M cacodylate 
buffer, postfixed in 1% osmium tetroxide (OsO4) in buffer 
for 1 h, washed in buffer, dehydrated through an ascending 
acetone series and flat-embedded in Epon-Araldite. Thin 
sections were cut from at least 3 blocks of embedded lungs/
animal using a Reichert UM 2 Ultramicrotome. The sections 
were mounted onto copper grids and stained using 5% uranyl 
acetate and Reynold's lead citrate. They were examined using 
a Joel 1010 microscope at x10,000 magnification and operated 
at 80 kV; images were captured for ultrastructural analysis.

Stereological analysis. Stereological analysis does not involve 
assumptions and therefore fulfills the criteria for design-based 
or unbiased stereology. Following systematic uniformly 
random sampling on ultrathin sections, 10 ATII cells/section 

at x10,000 magnification were randomly identified under 
TEM. Digital micrographs of these cells subsequently under-
went stereological analysis utilizing an image analysis system 
(AnalySIS; Soft Imaging System, Germany) as previously 
described (8). The morphometric parameters of LBs included 
volume density (Vv-LB), surface area density (Sv-LB), surface 
area and volume ratio (Rsv-LB) and number density (Nv-LB). 
Each parameter was calculated based on previously described 
formulas (8).

Western blot analysis. Cells, tissue specimens and BAL fluid 
were harvested and incubated for 10 min on ice with lysis 
buffer. The lysates were then centrifuged at 15,000 rpm for 
15 min at 4˚C and the supernatants were collected. Protein 
concentration in the lysates was measured using a Beckman 
DU 800 Protein Assay kit (Thermo Fisher Scientific, Waltham, 
MA, USA). Equal amounts of protein samples were separated 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred onto a polyvinylidene 
difluoride membrane (Millipore). Nonspecific binding sites 
were blocked in 5% non-fat milk and 0.1% Tween-20 in TBS 
for overnight shaking at 4˚C. The membranes were then 
incubated in a primary antibody buffer overnight, with gentle 
shaking at 4˚C followed by 3 washes in 0.1% TBST, after 
which they were incubated with HRP-labeled secondary anti-
bodies at room temperature for 2 h and again washed 3 times. 
The blots were then detected using SuperSignal West Pico 
Chemiluminescent Substrate ECL (Pierce Biotechnology, 
Inc. Thermo Fisher Scientific). The primary antibodies 
against SP-C and tubulin were purchased from Santa Cruz 
Biotechnology, Inc. PI3K/Akt signal pathway-related protein 
(Akt, phosphorylated(p)-Akt, P70, p-P70, mTOR, caspase-3) 
antibodies were purchased from Cell Signaling Technology, 
Inc. (Beverly, MA, USA). Protein density on scanned western 
blots was analyzed using Image J 1.44 software, and we 
performed semi-quantitative analysis for the results of the 
western blot analysis.

Statistical analysis. All data are represented as the 
means ± SD. Data were analyzed using a commercially 
available statistical software package (SPSS for Windows, 
version 13.0; Chicago, IL, USA). The one-way analysis of 
variance (ANOVA) was used to analyze all the results statisti-
cally. Post hoc comparisons were performed using the Tukey's 
test or Dunnett's T3 test. A P-value of <0.05 was considered to 
indicate a statistically significant difference.

Results

Only low dose simvastatin improves the proliferation and 
inhibits the apoptosis of ATII cell lines after H/R injury. In 
order to evaluate whether simvastatin protects H/R-injured 
ATII cells, the CCK-8 Kit assay was used to determine cell 
proliferation at 0, 2, 4, 6, 12 and 24 h after reoxygenation, 
and cell apoptosis was determined by AV/PI double-staining 
flow cytometry. Protein levels of SP-C at 4 and 24 h after 
reoxygenation were determined by western blot analysis. The 
ratio of SP-C-positive ATII cells at 24 h after reoxygenation 
was analyzed by flow cytometry. Only doses of simvastatin 
that were <20 µM increased the proliferation of ATII cells 
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and inhibited apoptosis. Both MLE-12 and A549 cells reacted 
similarly to the low dose simvastatin treatment (Fig. 1A). A 
response was noted by MLE-12 cells to 20 µM simvastatin 
and by A549 cells starting at 5 µM simvastatin with regards 
to proliferation at time 0; this may be due to the nature of 
different cell types. After reoxygenation in the control group, 
the proliferative capability was increased at 2 h, slightly 
decreased at 4 and 6 h and increased at 12 and 24 h. As 

compared with the control group, the low dose (≤20 µM) simv-
astatin-treated groups exhibited dose-dependent increases in 
the proliferative capacity of ATII cells. It was notable that 
the ATII cells treated with 20 µM simvastatin demonstrated 
statistically significant increases at all time points examined. 
High dose simvastatin (50 and 100 µM) treatments did not 
significantly increase the proliferative capacity of ATII cells 
at any of the time points examined. In fact, proliferation of 

Figure 1. Biphasic effects of simvastatin on the proliferation and apoptosis of hypoxia-reoxygenation (H/R)-injured ATII cell lines. Results from MLE-12 (mouse) 
and A549 (human) ATII cell lines are presented. (A) Cell proliferation was determined using a CCK-8 kit at the indicated times after reoxygenation. The prolifera-
tive capacity of ATII cells dose-dependently increased in response to low dose (≤20 µM) simvastatin treatment, but deceased in response to high dose simvastatin 
(50 and 100 µM). (B) Cell apoptosis was determined by Annexin V and propidium iodide double-staining flow cytometry at 4 h after reoxygenation. Histograms 
of Annexin V (AV)-positive cells are presented, representing early and late apoptotic cells. The apoptotic cell ratios in the low dose simvastatin-treated groups 
(5, 10 and 20 µM) were markedly lower compared to that in the control group. However, the ratio was significantly higher in high dose simvastatin-treated groups 
(50 and 100 µM). Data are expressed as the means ± SD. Sim, simvastatin. *P<0.05, #P<0.01 and **P<0.001 vs. control group. NS, no significance. 
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MLE-12 and A549 cells was significantly lower compared to 
that in the control groups at 12 and 24 h after reoxygenation, 
and the proliferation of A549 cells was markedly lower in 
response to the 100 µM simvastatin treatment.

AV/PI double staining was used to identify cell apoptosis, 
which is presented as a histogram indication of FITC-AV-
positive cells and includes both early and late apoptotic cells. 
Since our previous study demonstrated that the apoptosis of 

Figure 2. Effects and mechanisms of simvastatin (sim) on the SP-C-positive cell ratio in hypoxia-reoxygenation (H/R)-injured ATII cell lines, MLE-12 (A) 
and A549 (B). SP-C-positive cell ratio was determined by flow cytometry at 24 h after reoxygenation. SP-C-positive cell percentage was significantly 
increased in low dose simvastatin-treated groups (5, 10 and 20 µM), as compared with the control groups, whereas it was markedly decreased in the 50 µM 
simvastatin-treated groups. Administration of L-mevalonate (L-meva, 20 µM) blocked the increasing SP-C-positive cell number by simvastatin by rescuing 
simvastatin-induced mevalonate depletion. Similarly, wortmannin (Wort), a competitive PI3K inhibitor, reversed the simvastatin-induced increase of the 
percentage of SP-C positive cells. Data are expressed as means ± SD. *P<0.05, #P<0.01 and **P<0.001 vs. control group; &P<0.05, &&P<0.01 vs. sim20 group. 
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ATII cells usually increases at 4 h after LIRI (8), we selected 
the 4 h time point after reoxygenation for the observations of 
cell apoptosis after H/R. For both MLE-12 and A549 cells 
the apoptotic cell ratio was markedly lower in the low dose 
simvastatin-treated groups (5, 10 and 20 µM) compared to the 
control groups (Fig. 1B). In contrast, the apoptotic cell ratio in 
the high dose simvastatin-treated groups (50 and 100 µM) was 

significantly increased as compared with the low dose groups. 
The 100 µM simvastatin-treated groups in both MLE-12 and 
A549 cells exhibited markedly increased numbers of apop-
totic cells, up to 50% more than that in the control groups.

Finally, the simvastatin-induced changes in the percentage 
of SP-C-positive ATII cells and SP-C protein levels were 
detected (Figs. 2 and 3A, respectively). The MLE-12 and 

Figure 3. Effects and mechanisms of simvastatin on the surfactant protein-C (SP-C) protein levels in hypoxia-reoxygenation (H/R)-injured ATII cell lines, 
MLE-12 and A549. (A) SP-C protein levels at 4 and 24 h after reoxygenation were determined by western blot analysis and demonstrated an increase in 
response to low dose simvastatin treatment (5, 10 and 20 µM), but a decrease in response to high dose treatment (50 and 100 µM). (B) Effects of L-mevalonate 
(L-meva) on the simvastatin-induced reduction in SP-C protein levels at 4 and 24 h after reoxygenation were determined by western blot analysis. 
Co-treatment with L-meva and simvastatin further reduced SP-C protein levels, as compared to the simvastatin-alone treatment group. *P<0.05, #P<0.01 and 
**P<0.001 vs. H/R group. NS, no significance.
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A549 cell lines again demonstrated similar trends in response 
to simvastatin treatments. At 4 h after reoxygenation, there 
was no significant difference observed in the percentage of 
SP-C-positive cells between the simvastatin-treated and the 
control groups (data not shown). This finding was consistent 
with the SP-C protein detected by western blot analysis 
(Fig. 3A). Furthermore, at 24 h after reoxygenation, the 

percentage of SP-C-positive cells was significantly increased 
in the low dose simvastatin-treated groups (5, 10 and 20 µM), 
compared with the control groups. In contrast, the percentage 
was markedly decreased in the 50 µM simvastatin-treated 
groups, and was even lower than the control group for the 
A549 cell line. These results were confirmed by western blot 
analysis.

Figure 4. Effects and mechanisms of simvastatin on the PI3K/Akt pathway in hypoxia-reoxygenation (H/R)-injured ATII cell lines, (A) MLE-12 and 
(B) A549. Effects of the PI3K inhibitor, wortmannin (Wort) on the simvastatin-induced reduction of SP-C protein levels at 24 h after reoxygenation and on 
PI3K/Akt signaling pathway-related proteins at 4 h after reoxygenation. The PI3K/Akt pathway was activated in the simvastatin-treated group, but this effect 
was reversed by Wort treatment. *P<0.05, #P<0.01 and **P<0.001 vs. H/R group. NS, no significance.
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Restoration of ATII cell function in vitro by low dose simva-
statin is mediated by the mevalonate and the PI3K/Akt 
signaling pathways. In order to investigate whether the meva-
lonate pathway and the downstream PI3K/Akt pathway are 
involved in the restoration of ATII cell function induced 
by statins, L-mevalonate (L-meva) and wortmannin (Wort) 

were used in the following experiments. L-meva restores 
mevalonate depletion induced by simvastatin and Wort is a 
competitive inhibitor of the PI3K protein. Administration of 
L-meva (20 µM) significantly blocked the SP-C-increasing 
effect of simvastatin by rescuing simvastatin-induced meva-
lonate depletion in the MLE-12- and A549-treated cells, as 

Figure 5. Effects of simvastatin on a rat model of lung ischemia-reperfusion injury (LIRI). LIRI was evaluated by hematoxylin and eosin (H&E) staining. 
SP-C levels in bronchoalveolar lavage (BAL) fluid were determined and myeloperoxidase (MPO) activity assay was carried out. Proliferation of ATII cells 
in rat lung tissues was indicated by immunofluorescence double staining of SP-C and PCNA. (A) Representative images of H&E staining in each group at 
4 h and 3 days after reperfusion are shown (original magnification x200). (B) Representative images of SP-C (FITC-labeled green) and PCNA (Cy3-labeled 
red) immunofluorescence double staining are shown (original magnification x400). (C) SP-C protein levels in rat BAL fluid were determined by western blot 
analysis and were significantly increased in the simvastatin-treated groups at 4 h and 3 days after reperfusion, as compared with the I/R group. (D) MPO 
activity in rat lung tissues was significantly attenuated in the simvastatin-treated groups at 4 h and 3 days after reperfusion, as compared with the I/R 
group. (E) Quantitative analysis of SP-C/PCNA double-positive cells revealed that the number of proliferative ATII cells was significantly increased in the 
simvastatin-treated groups at 4 h and 3 days after reperfusion, as compared with the I/R group. LSIM, low dose simvastatin (0.5 mg/kg/day) group; HSIM, 
high dose simvastatin (5 mg/kg/day) group. *P<0.05, #P<0.01 and **P<0.001 vs. I/R group. NS, no significance.
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compared to the simvastatin only treated groups at 24 h after 
reoxygenation (Figs. 2 and 3B). Similarly, treatment with Wort 
(100 nM) in combination with simvastatin reversed the simv-
astatin-induced increase in the percentage of SPC-positive 
cells and the SP-C protein levels at 24 h after reoxygenation 
in both cell lines (Figs. 2 and 4). Moreover, cells treated with 
20 µM simvastatin showed increased levels of p-Akt and 
downstream p-P70 and m-TOR and suppressed caspase-3 
levels at 4 h after reoxygenation (Fig. 4). Co-administration of 
Wort and simvastatin resulted in markedly suppressed p-Akt 
levels leading to observed decreases in m-TOR and P70 levels, 
as well as to the downstream increases in caspase-3 levels.

Simvastatin dose-dependently attenuates the LIRI, promotes 
proliferation of ATII cells and restores their function in vivo. 
To evaluate the protective effect of simvastatin on LIRI, H&E 
staining and MPO activity assay were performed on rat lung 
tissues. As shown in Fig. 5A, serious LIRI was achieved in the 
I/R group, as evidenced by infiltration of neutrophils and small 
areas of intra-alveolar edema at 4 h after reperfusion, which 
slightly recovered 3 days after reperfusion. In the simvastatin-
treated groups, less neutrophil infiltration was observed and 
the areas of intra-alveolar edema were less than that in the I/R 
group. In the HSIM group, the pulmonary structure was found 
to be mostly recovered to normal 3 days after reperfusion. 

Figure 6. Transmission electron microscopy of the ultrastructure of ATII cells in rat lung tissues. TEM images were obtained under magnification x10,000. 
(A) Representative ultrastructural images of ATII cells in each group at 4 h and 3 days after I/R injury. (B) Stereological analysis of lamellar bodies in 
ATII cells from each group. The morphometric parameters of lamellar bodies included volume density (Vv-LB), surface area density (Sv-LB), surface area 
and volume ratio (Rsv-LB) and number density (Nv-LB). Both the Vv-LB and Nv-LB were found to be significantly increased in the simvastatin-treated 
groups. eLb, empty lamellar bodies; LB, lamellar bodies; Nu, nucleus; ApoB, apoptotic bodies; I/R, ischemia-reperfusion group; LSIM, low dose simvastatin 
(0.5 mg/kg/day) group; HSIM, high dose simvastatin (5 mg/kg/day) group. *P<0.05 and **P<0.001 vs. I/R group. NS, no significance.
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The MPO activity assay confirmed the observations of H&E 
staining (Fig. 5D). Compared with the baseline of the sham 
group, the MPO activities of the I/R group were elevated at 
4 h and slightly declined at 3 days after reperfusion. However, 
the simvastatin-treated groups displayed significant and dose-
dependent decreases of MPO activities at both 4 h and 3 days 
after reperfusion, as compared with the I/R group.

Furthermore, SP-C protein levels in BAL fluid were deter-
mined and SP-C/PCNA double immunofluorescence staining 
of lung tissues was performed to evaluate the proliferation 
and function of ATII cells. In both LSIM and HSIM groups, 
SP-C protein levels in BAL fluid were significantly increased 
at 4 h and 3 days after reperfusion as compared with the I/R 
group. The FITC-SP-C and Cy-3-PCNA double-positive cells 

Figure 7. In vivo effects of simvastatin on PI3K/Akt signaling pathway-related protein levels in rat lung tissues. Western blot analysis was used to measure the 
protein levels of phosphorylated-Akt, phosphorylated-P70, caspase-3 and SP-C at 4 h and 3 days after reperfusion. p-Akt and p-P70 levels were normalized 
to total Akt and P70, respectively. Other detected protein levels were normalized to tubulin. The PI3K/Akt pathway was activated in the simvastatin-treated 
groups. I/R, ischemia-reperfusion group; LSIM, low dose simvastatin (0.5 mg/kg/day) group; HSIM, high dose simvastatin (5 mg/kg/day) group. *P<0.05 and 
#P<0.01 vs. I/R group. NS, no significance.
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were counted in a high magnification field (x400). As shown 
by the representative images in Fig. 5B and the quantitative 
analysis in Fig. 5E, SP-C/PCNA double-positive cell numbers 
in the LSIM and HSIM groups were found to be significantly 
increased at 4 h and further increased (by >2-fold) at 3 days 
after reperfusion, as compared with the I/R group.

Finally, ultrastructural examination and stereological 
analysis were performed to evaluate the function of ATII cells 
in the rat models. Representative images of the ultrastructural 
findings and stereological analysis results for each treatment 
group are shown in Fig. 6. The nuclei and LBs of ATII cells 
were found to be intact in the sham group at 4 h and 3 days 
after reperfusion (Fig. 6A). Apoptotic ATII cells were also 
present at 4 h after reperfusion. Numerous apoptotic bodies 
(ApoB), dilations of nuclear, scattered chromatin and empty 
LBs (eLBs) were observed. Gradual self-repair of ATII cells 
was observed until 3 days after reperfusion, and the number 
and volume of LBs remained low and small. However, in 
the LSIM and HSIM groups, the ApoB and eLB structures 
were markedly absent at 4 h after reperfusion and numerous 
LBs were noted at 3 days after reperfusion. The results of 
quantitative comparison by stereological analysis are shown 
in Fig. 6B. At 4 h after reperfusion, as compared with the 
I/R group, both the Vv-LB and Nv-LB were significantly 
higher in LSIM and HSIM groups. The Rsv-LB levels were 
markedly lower in LSIM and HSIM groups. In particular, at 3 
days after reperfusion, the Nv-LB levels in LSIM and HSIM 
groups were drastically higher compared to those in the I/R 
group (~2- to 3-fold).

PI3K/Akt signaling pathway is involved in simvastatin-
contributing protective effects on ATII cells in vivo. In order 
to investigate whether the PI3K/Akt pathway is involved in 
the in vivo protective effects of statins, the relative levels of 
PI3K/Akt signaling pathway-related proteins were determined 
by western blot analysis. At 4 h after reperfusion, p-Akt levels 
in the LSIM and HSIM groups were significantly higher 
compared to the I/R group (Fig. 7). Subsequently, the down-
stream p-P70 level was also markedly increased. At 3 days 
after reperfusion, p-Akt levels further increased in the LSIM 
and HSIM groups, as did the downstream p-P70 levels. There 
appeared to be no difference in the caspase-3 level between 
each group; however, the SP-C levels in the LSIM and HSIM 
groups increased markedly.

Discussion

Although the protective effects of statins on LIRI have been 
investigated previously (13), to the best of our knowledge, our 
study is the first to provide evidence that lung ATII cells are 
the potential target of statin therapy in LIRI. First, our data 
demonstrated a biphasic effect of simvastatin on ATII cells 
in vitro. Only a low dose of simvastatin (≤20 µM) improved 
proliferation and inhibited apoptosis of ATII cells, whereas 
a high dose of simvastatin (≥50 µM) promoted apoptosis. 
Second, the in vitro protective effects of simvastatin were 
observed to be reversed by L-meva and Wort, a competitive 
inhibitor of the PI3K pathway. Third, the in vivo rat LIRI 
model also demonstrated that the number of proliferative 
ATII cells was significantly increased and the number and 

volume density of their functional cell organelle LBs was 
dose-dependently enhanced by simvastatin. Thus, our results 
provide a new understanding of the mechanisms underlying 
statin-induced attenuation of LIRI and the facilitation of 
tissue repair, whereby the function of ATI progenitor cells, 
ATII cells, were restored by simvastatin via activation of the 
PI3K pathway in a mevalonate pathway-dependent manner. 
These findings provide further insights into the utility and 
mechanism of simvastatin treatment of LIRI, and may 
benefit future research into improved clinical applications of 
simvastatin.

During the past decades, several reports have been 
published on the pleiotropic effects of statins, involving 
various disease processes of different organs. Statins are 
well-recognized for their properties of lowering lipid content, 
protecting against IR injury (19,20), quelling inflammation 
(21-24), improving tissue remodeling (25,26), modulating 
angiogenesis (27), promoting cell proliferation (18), and 
inhibiting cancer cell proliferation and inducing apoptosis 
(28-32). However, nearly as many reports exist that present 
experimental data that contradict the protective effects of 
statins (15). In the present study, we also obtained contradic-
tory results in that simvastatin produced biphasic effects on 
ATII cell proliferation and apoptosis according to the dose. 
Furthermore, we observed that a low dose of simvastatin 
(20 µM) was able to activate PI3K/Akt signaling, which 
contradicts results from other studies that indicated that 
statins inhibit signaling of this pathway (25,28-32). In order 
to better elucidate these paradoxical phenomena, we reviewed 
the results of several representative studies on the pleiotropic 
effects of statins.

Firstly, the dosage of statins may be an important factor that 
impacts their biological effects. Previous investigations have 
reported findings of dose-dependent biphasic effects of statins 
on tissue angiogenesis. Weis et al (27) demonstrated that low 
concentrations of statins (0.005-0.01 µM) enhanced endothelial 
cell (EC) proliferation, migration and differentiation, which 
were significantly inhibited by high concentrations (0.05-1 µM). 
Similarly, pitavastatin was demonstrated to enhance the migra-
tion, proliferation and viability of human microvessel ECs at 
a low concentration (0.01 µM) but inhibits these processes at 
a high concentration (1 µM) (33). Furthermore, a recent study 
of ischemic retinopathies demonstrated a biphasic effect of 
simvastatin (34), in which low concentrations (0.01-0.1 µM) 
significantly increased proliferation, migration, sprouting and 
tubulogenesis of retinal microvascular ECs but high concentra-
tions (1-10 µM) caused cell death and apoptosis. Our present 
data indicated that low dose simvastatin (5-20 µM) promoted 
ATII cell proliferation and inhibited apoptosis, but the effects 
were completely opposite with high doses (50-100 µM), similar 
to the above-mentioned published studies. Notably, the concen-
tration of statins (5-100 µM) used in our in vitro experiments 
was higher than that previously used in the other published 
studies (0.01-10 µM). We think that the different cell type used 
in our experiments had a unique requirement for higher doses 
of simvastatin to elicit the observed effects. The MLE-12 cell 
line used in our study is a SV-40 virus immortalized mouse 
ATII cell line and the A549 ATII cell line originated from 
a lung adenocarcinoma tissue. There are obvious disparities 
between the pharmacokinetics of these two cell lines and that 
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of primary cultured human ECs. This may be one explanation 
of why the statin concentrations used in this study were higher 
compared to those in the previous studies.

Different diseases or injuries have different physiopatho-
logical processes. Thus, statins may also elicit opposite effects 
under various disease conditions in the context of different 
organs. It has been proposed that statins do not simply inhibit 
or activate signaling pathways, but modulate them in order 
to alter cell fate. Among the numerous signaling pathways 
described as targets of statins, the PI3K/Akt pathway plays a 
crucial role in cell survival, apoptosis and proliferation (35). In 
conditions of tissue ischemia-reperfusion (I/R) injury (25,26) 
or inflammatory disorders, such as airway hyperreactivity 
(21), renal glomerular podocyte injury (22) or traumatic brain 
injury (23), statins usually exert their protective effects by 
promoting cell proliferation and inhibiting apoptosis through 
the inhibition of upstream RhoA-kinase and the activation 
of downstream PI3K/Akt signaling. However, in conditions 
of cancer, statins appear to significantly decrease cancer cell 
proliferation, migration and metastasis via the inhibition of 
PI3K/Akt signaling (28-32). In fact, I/R or inflammation may 
induce apoptosis and inhibit proliferation via the downregula-
tion of cell proliferation through any of the PI3K/Akt, ERK, 
or MAPK pathways and the upregulation of apoptosis through 
the Bcl-2, Bax and caspase families. However, cell survival-
related pathways are usually upregulated in several types 
of solid cancers. Our data indicated that low concentrations 
of statins uniquely reverse H/R injured ATII cell function 
in vitro via a mevalonate pathway-dependent activation 
of PI3K/Akt signaling. Administration of PI3K inhibitor, 
wortmannin, reversed the protective effects of simvastatin by 
decreasing the levels of p-Akt and those of the downstream 
factors mTOR and p-P70 and by subsequently activating 
caspase-3. This modulated signaling cascade coincides with 
previous studies regarding the protective effect of statins on 
I/R. Consequently, we speculate that statins may maintain the 
balance of normal or abnormal cell fate by modulating the 
PI3K/Akt signaling pathway.

Finally, despite our notable findings, this study is subject 
to several experimental limitations. First, although MLE-12 
and A549 cells have been used as in vitro models in previous 
ATII studies (36-38), these two cell lines cannot completely 
simulate the in vivo physiology of ATII cells. In future 
studies, primary cultured ATII cells may provide more direct 
evidence for the protective effect of statins. Second, in the 
in vivo experiments, the entire lung tissue specimen was used 
in the western blot analysis of PI3K/Akt signaling pathway-
related proteins, which may have masked some subtle effects 
on the PI3K/Akt signaling pathway of ATII cells or detected 
changes that were induced by molecular interactions with 
non-ATII cells. In addition, statins were administered just 
prior to the onset of injury. It remains unknown whether 
administration of statins post-LIRI also has the same protec-
tive effect on ATII cells. More experiments are required 
to further identify this issue. Finally, we did not examine 
whether the repairing capacity of ATII cells was enhanced by 
simvastatin in the present study. Recently, the transforming 
growth factor β1 (TGF-β1)/Smad pathway was demonstrated 
to contribute to the transdifferentiation process from ATII 
to ATI cells (39). It is possible that statins may also promote 

ATII cell transdifferentiation into ATI cells via activation of 
the TGF-β1/Smad pathway, which may be dependent on or 
independent of the mevalonate pathway. These questions will 
be addressed in our future studies.

In summary, to the best of our knowledge, we for the first 
time demonstrated that LIRI-induced injury of ATII cells 
may be reversed by relatively low dose simvastatin in vivo 
and in vitro. The protective effects of simvastatin were at least 
partially due to promotion of ATII cell proliferation and SP-C 
expression and inhibition of apoptosis through the activation 
of the PI3K/Akt signaling pathway in a mevalonate pathway-
dependent manner. These findings provide new insights into 
the molecular mechanisms underlying the action of statins 
in LIRI. Administration of statins may provide a promising 
therapeutic strategy to rapidly regenerate epithelium in 
damaged lungs by endogenously increasing ATII cells.
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