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Background: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) 
are devastating clinical conditions characterized by pulmonary epithelial damage 
and protein-rich fluid accumulation in the alveolar spaces. Statins are a class of HMG- 
CoA reductase inhibitors, which exert cholesterol-lowering and anti-inflammatory 
effects.
Methods: Rosuvastatin (1 mg/kg) was injected intravenously in rats 12 h before lipopoly-
saccharide (LPS, 10 mg/kg) administration. Eight hours later after LPS challenge, alveolar 
fluid clearance (AFC) was detected in rats (n = 6–8). Rosuvastatin (0.3 µmol/mL) and LPS 
were cultured with primary rat alveolar type II epithelial cells for 8 h.
Results: Rosuvastatin obviously improved AFC and attenuated lung-tissue damage in ALI 
model. Moreover, it enhanced AFC by increasing sodium channel and Na,K-ATPase protein 
expression. It also up-regulated P-Akt via reducing Nedd4-2 in vivo and in vitro. 
Furthermore, LY294002 blocked the increase in AFC in response to rosuvastatin. 
Rosuvastatin-induced AFC was found to be partly rely on sodium channel and Na, 
K-ATPase expression via the PI3K/AKT/Nedd4-2 pathway.
Conclusion: In summary, the findings of our study revealed the potential role of rosuvas-
tatin in the management of ALI/ARDS.
Keywords: acute respiratory distress syndrome, rosuvastatin, alveolar fluid clearance, 
sodium channel, Na,K-ATPases

Background
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are 
potentially dangerous clinical conditions characterized by pulmonary epithelial 
damage and the accumulation of protein-rich fluid in the alveolar spaces.1,2 

Excessive alveolar edema fluid causes refractory hypoxemia and pulmonary 
hypertension.3 Therefore, the timely and effective removal of excess pulmon-
ary edema is important for the recovery from ALI/ARDS.4

The clearance of alveolar fluid dependent on the Na+ transport. Active Na+ 

transport across the alveolar epithelium via sodium channels (ENaC) and Na, 
K-ATPases produce an osmotic gradient that drives fluid from the alveolar 
spaces into the interstitium.5–7 We have previously reported that ENaC and Na, 
K-ATPases subunits play important roles in the resolution of edema.8
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Statins belong to the class of selective HMG-CoA 
reductase inhibitors, which are commonly prescribed to 
regulate lipid parameters including triglycerides and high- 
density lipoprotein cholesterol (HDL-C).9,10 In addition to 
their well-established lipid-lowering properties, statins 
also exert significant anti-inflammatory effects by reducing 
the extent of infiltration of the pulmonary neutrophils and 
decreasing cytokine levels.11,12 Rosuvastatin is 
a hydrophilic statin documented to provide end-organ pro-
tection in stroke-prone rats owing to its anti-inflammatory 
propensity.13,14 This finding suggests that rosuvastatin 
could potentially be used as an anti-inflammatory drug in 
humans. However, there are no studies that have addressed 
the effects of rosuvastatin in pulmonary edema.

The present study was designed to investigate whether 
rosuvastatin played a therapeutic role in lipopolysacchar-
ide (LPS)-induced lung injury. We investigated the effect 
of rosuvastatin on ENaC and Na,K-ATPase expression. 
The PI3K inhibitor, LY294002, was used in in vivo and 
in vitro studies to investigate how the PI3K signaling 
pathway regulated ENaC, Na,K-ATPase, and AFC and to 
elucidate its underlying mechanisms.

Methods
Materials
Rosuvastatin, LY294002 was purchased from 
MedChemExpress (MJ, USA), and LPS was obtained 
from Sigma (MO, USA). Tumor necrosis factor (TNF)-α, 
myeloperoxidase (MPO), interleukin (IL)-1β and IL-10 
enzyme-linked immunosorbent assay (ELISA) kits were 
procured from R&D Systems (MN, USA). MK-2206 was 
purchased from Target Molecule Corp (BSN, USA). Anti- 
ENaC α, β, and γ antibodies were procured from Biorbyt 
(CS, UK). Anti-Na,K-ATPase α1 and β1 antibodies were 
from Abcam (MA, USA). Anti-total Akt (T-Akt), anti- 
phosphorylated Akt (P-Akt), and anti-Nedd4-2 antibodies 
were from CellSignalling Technology (MA, USA).

Animal Studies
The male Sprague-Dawley rats (200–250 g) were obtained 
from Zhejiang Vital River Laboratory Animal Technology 
Co. and the experimental protocols were approved by 
Wenzhou Medical University. Chinese guidelines for the 
welfare of the laboratory animals (GB/T 35823-2018) 
were followed in the present study.

In the CTR and LPS group, rats were induced by an 
administration of saline or LPS (10 mg/kg) via the caudal 

vein. In the LPS+Rosuvastatin, LPS+Rosuvastatin 
+LY294002 and LPS+Rosuvastatin+MK-2206 groups, 
rats were pretreated with Rosuvastatin (pre-treatment 
group) in the presence or absence of 3 mg/kg LY294002 
or 300 μg/kg MK-2206 via the caudal vein 12 h prior to 
LPS (10 mg/kg) stimulation. The AFC was measured for 
8 h and the survival rate was detected for 
48 h (Figure 1A).

Rats in the co-treatment group received LPS and rosu-
vastatin for 8 h and the AFC was determined. Rats in the 
post-treatment group received LPS 8 h before rosuvastatin 
administration, and AFC was measured one hour later.

Survival Analysis
Rats were pretreated with rosuvastatin (1mg/kg) via 
a caudal vein injection 12 h before LPS (10 mg/kg) 
administration. The survival rate was recorded every 
4 h and monitored for 48 h.

AFC
AFC was measured as described in a previous study.15 The 
rate of AFC was calculated based on the following equa-
tion: AFC = (1 −C0/C1), where C0 is the initial concen-
tration of the perfusion solution and C1 is the final 
concentration of the alveolar lavage fluid, which was 
detected using spectrophotometry at a wavelength of 621 
nm. The original perfusion solution was 5% albumin with 
Evans blue (0.15 mg/mL). This solution was infused into 
the left lung after the rats were anesthetized, and collected 
after 1 h using mechanical ventilation.

Histopathological Studies
Lung tissues were fixed with 4% paraformaldehyde and 
stained with hematoxylin and eosin (H&E). Lung-injury 
scores were determined based on the following parameters 
proposed by the American Thoracic Society (ATS): thick-
ening of the alveolar septum; paratracheal or perivascular 
neutrophil infiltration; infiltration of the protein edema 
fluid in the alveolar cavity; hyaline membrane formation.16

ELISA
The lung-tissue homogenate TNF-α, MPO, IL-1β and IL- 
10 concentrations were determined using an ELISA kit 
according to the manufacturer’s protocol.

Western Blot
Lung tissue and the ATII cell proteins were extracted using 
a previously published method.17 BCA kit was used to 
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measure the protein concentration. After the primary and 
secondary antibody culture, the PVDF membranes were 
photographed using an Odyssey CLx imager and the bands 
were analyzed using ImageJ.

Primary ATII Cells
Lung tissues were separated and digested using elastase to 
extract the primary ATII cells. Cells were cultured in 
Dulbecco’s Modified Eagle Medium containing 10% fetal 
bovine serum, 0.1 mg/mL streptomycin, 100 U/mL 

penicillin, and 2 mmol/L L-glutamine. Primary ATII cells 
were incubated with LPS (1 µg/mL) with or without rosu-
vastatin (0.3 µmol/mL) and/or LY294002 (10 µM) for 24 h.18

Immunofluorescence
Cells were cultured overnight with the primary antibody at 
4°C, followed by incubation with the secondary antibody 
at 37°C for 1 h. Laser confocal microscopy was used for 
observation and the images were further analyzed using 
ImageJ.

Figure 1 Effect of rosuvastatin on survival rate and alveolar fluid clearance in LPS-induced ALI/ARDS in vivo. Rosuvastatin (1mg/kg, tail vein injection) was administered to 
rat 12 h before LPS (10mg/kg, tail vein injection) stimulation, the AFC was measured for 8 h and the survival rate was detected for 48 h (A). Survival rate per group was 
evaluate by Kaplan–Meier survival curves and compare by Log rank test (B). The evans blue solution (5mL/kg) containing albumin was instilled into the left lung of the rat 
through a thin tube. After 1 hour of mechanical ventilation, the absorbance of the lavage fluid was measured and the alveolar fluid clearance rate was calculated. Rats AFC 
was detected under different action time of LPS (2, 4, 6, 8 and 10h) (C). After intravenous injection of different concentrations of rosuvastatin (0.5 mg/kg, 1 mg/kg and 2 mg/ 
kg) 12 h, LPS was administered for 8 h, and the AFC was detected (D). For the pre-treatment group, rosuvastatin (1 mg/kg) was intravenously injected 12 h before LPS 
administration; For the co-treatment group, rosuvastatin was intravenously injected with the LPS; For the post-treatment group, rosuvastatin was intravenously injected 8 
h after LPS administration (E). The data are presented as the mean ± SD, n =10.
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Statistical Analysis
Data are presented as the mean ± SD. All data were analyzed 
using one-way ANOVA followed by Tukey’s post-hoc test 
for multiple comparisons. Significance was determined at the 
p<0.05 level. Statistical analyses were performed using Prism 
7.0 (GraphPad Software, San Diego, CA)

Results
Pre-Treatment with Rosuvastatin 
Up-Regulated the Survival Rate and AFC 
in LPS-Induced Lung Injury in vivo
We determined the effect of rosuvastatin (Figure 1A) on 
the survival rate after LPS-induced lung injury. Compared 
to that in the LPS group, the survival rate was obviously 

increased in the LPS+rosuvastatin group (Figure 1B). 
Moreover, we found that LPS treatment (2, 4, 6, 8, and 
10 h) improved AFC in a time-dependent manner and the 
optimal effect was observed at 8 h (Figure 1C). Therefore, 
an LPS intervention of 8 h was used in our study.

In the present study, co-treatment or post-treatment with 
rosuvastatin did not change the AFC compared to that in the 
LPS group (Figure 1D). However, compared to that in the 
LPS group, pre-treatment with 0.5 mg/kg rosuvastatin did not 
increase AFC; however, treatment with 1 and 2 mg/kg of 
rosuvastatin improved LPS-induced AFC. The effects of 
rosuvastatin were similar at doses of 1 and 2 mg/kg; there-
fore, 1 mg/kg rosuvastatin was chosen for our experiments 
(Figure 1E). There was no significant difference of AFC 
between the control and rosuvastatin group (Figure 1E).

Figure 2 Effect of rosuvastatin on lung injury and inflammatory factors. After intravenous injection of different concentrations of 1 mg/kg rosuvastatin was intravenous 
injected 12 h before 10 mg/kg LPS administration. Eight hours later, the lung tissues was harvest. The protective effect of rosuvastatin on lung injury was assayed by H&E (A), 
and the acute lung injury score was calculated (B). The concentrations of inflammatory factors in lung tissue homogenate, such as TNF-α (C), MPO (D), IL-1β (E) and IL-10 
(F) were measured by ELISA. The data are presented as the mean ± SD, n = 9. 
Abbreviations: H&E, hematoxylin and eosin; TNF, α-tumor necrosis factor-α; IL, interleukin; MPO, myeloperoxidase.
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Rosuvastatin Protected Lung Tissues in 
the ALI Model Induced by LPS in vivo
Next, the effect of rosuvastatin on LPS-induced lung 
injury was determined using H&E staining. As shown in 
Figure 2A, tissues in the LPS group were found to be 
severely damaged; however, pre-treatment with rosuvasta-
tin reduced infiltration of the inflammatory cells and thick-
ening of the alveolar walls. The acute lung-injury scores 
correlated well with the morphologic changes (Figure 2B). 
The concentrations of TNF-α, MPO, IL-1β and IL-10 in 
the lung tissue homogenates were increased in the LPS 
group compared to those in the control group and signifi-
cantly decreased in the rosuvastatin treatment group com-
pared to those in the LPS group (Figure 2C–F). There 

were no significant changes between the control and rosu-
vastatin groups (Figure 2A–F).

Rosuvastatin Increased Sodium Channel 
and Na,K-ATPase Expression in 
LPS-Induced Lung Injury in PI3k/AKT/ 
Nedd4-2 Signaling Pathway
We evaluated the mechanism of rosuvastatin on the 
enhancement of AFC in vivo. The lung-tissue homoge-
nate was collected to determine the sodium channel and 
Na,K-ATPase level using Western blotting (Figure 3A). 
Compared to that in the control group, LPS treatment 
significantly downregulated the protein expression of 
ENaC α, β, and γ subunits (Figure 3B–D) and the Na, 

Figure 3 Effect of rosuvastatin on ENaC α, β, and γ subunits and Na,K-ATPase α1 and β1 subunits expression in LPS-induced lung injury. The rats were treated with 
LY294002 (PI3K inhibitor, 3 mg/kg) 1 hour before injection of rosuvastatin (1 mg/kg), twelve hours later, LPS was administered, and the lung tissues of each group were 
collected 8 h after LPS administration. Lung tissue homogenate was harvest to measure the ENaC α, β, and γ subunits and Na,K-ATPase α1 and β1 subunits protein level (A– 
F). The data are presented as the mean ± SD, n = 6.
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K-ATPase α1 and β1 subunits (Figure 3E and F), 
whereas pre-treatment with rosuvastatin upregulated the 
protein levels compared to those in the LPS group. 
However, the efficacy of rosuvastatin was abolished 

after treatment with the PI3K inhibitor, LY294002 
(Figure 3B–F). Besides, the effect of rosuvastatin on 
the protein expression of ENaC α was relieved by 
AKT inhibitor, MK-2206 (Figure 4C).

Figure 4 Effect of rosuvastatin on AKT and Nedd4-2 expression. The rats were treated with LY294002 (PI3K inhibitor, 3 mg/kg) or MK-2206 (AKT inhibitor, 300 μg/kg) 
1 hour before injection of rosuvastatin (1 mg/kg), twelve hours later, LPS was administered, and the lung tissues of each group were collected 8 h after LPS administration. 
The level of P-Akt (A), ENaC α (C) and Nedd4-2 (B and D) protein expression was measured by Western blot. The data are presented as the mean ± SD, n = 6.
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Compared to that in the LPS group, p-AKT expression 
was increased in the LPS+rosuvastatin group, whereas the 
improvement in p-AKT level was partly abolished by 
treatment with LY294002 (Figure 4A). Additionally, 
Nedd4-2 expression was reduced in the LPS+rosuvastatin 
group compared to that in the LPS group, and the 
decreased Nedd4-2 level was partly abrogated by 
LY294002 and MK-2206 (Figure 4B and D).

Rosuvastatin Improved AFC in 
LPS-Induced ALI via the PI3k Signaling 
Pathway
To determine if rosuvastatin could enhance AFC through 
the PI3K pathway, rats were co-administered LY294002 
and rosuvastatin via the caudal vein. The AFC in the LPS 
+rosuvastatin+LY294002 group was lower compared to 
that in the LPS+rosuvastatin group, but there was no 
significant difference in AFC between the LPS and LPS 
+LY294002 groups (Figure 5).

Rosuvastatin Enhanced the Expression of 
Na,K-ATPase in LPS-Stimulated Primary 
at II Cells in a Time- and 
Dose-Dependent Manner in vitro
Primary AT II cells were cultured with 0.1, 0.3, and 
30 μmol/mL of rosuvastatin and then stimulated with 
LPS (1 µg/mL) for 24 h. We found that the Na, 
K-ATPase α1 subunit protein level was significantly down-
regulated by LPS and upregulated by rosuvastatin in 
a dose-dependent manner; the maximum effect was 
achieved at 0.3 μmol/mL of rosuvastatin (Figure 6A). 
Next, primary ATII cells were cultured with 0.3 μmol/ 
mL rosuvastatin for 4, 8, and 12 h and then interrupted 
with LPS (1 µg/mL) for 24 h. We found that the expres-
sion of the Na,K-ATPase α1 subunit protein improved 
significantly at 8 h (Figure 6B).

Rosuvastatin Promoted ENaC and Na, 
K-ATPase Protein Level via the PI3K/Akt/ 
Nedd4-2 Signaling Pathway in vitro
The protein expression of ENaC α and Na,K-ATPase α1 
subunits in LPS-stimulated primary AT II cells was 
detected using immunofluorescence (Figure 7A) and 
was found to be reduced in the LPS group compared to 
that in the control group. On the other hand, pre- 
treatment with rosuvastatin could upregulate the protein 

expression of the ENaC α and Na,K-ATPase α1 subunits 
(Figure 7A). ENaC α, β, γ and Na,K-ATPase α1, β1 
subunits protein level were detected using Western blot 
(Figure 7B). The expression of ENaC α, β, γ; and Na,K- 
ATPase α1, β1 subunits were markedly reduced by LPS, 
whereas rosuvastatin increased the expression of ENaC 
α, β, γ; and Na,K-ATPase α1, β1 subunits. However, the 
effect of rosuvastatin on the protein expression of ENaC 
α, β, γ; and Na,K-ATPase α1, β1 subunits was abrogated 
after treatment with LY294002 (Figure 7B–G).

Compared to that in the LPS group, pre-treatment with 
rosuvastatin could upregulate the p-AKT level. However, 
the enhanced effect of rosuvastatin on P-AKT could be 
partially blocked by LY294002 (Figure 8A). Moreover, 
LPS enhanced Nedd4-2 expression, whereas pre- 

Figure 5 Effect of rosuvastatin on alveolar fluid clearance in LPS-induced lung injury 
is blocked by LY294002 (PI3K inhibitor). The rats were treated with LY294002 
(PI3K inhibitor, 3 mg/kg) 1 hour before injection of rosuvastatin (1 mg/kg), twelve 
hours later, LPS was administered, and the lung tissues of each group were collected 
8 h after LPS administration. After 1 hour of mechanical ventilation, the absorbance 
of the lavage fluid was measured and the alveolar fluid clearance rate was calculated. 
The data are presented as the mean ± SD, n = 6.

Journal of Inflammation Research 2021:14                                                                                 submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1543

Dovepress                                                                                                                                                               Xu et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


treatment with rosuvastatin could reduce Nedd4-2 levels. 
The decreased role of rosuvastatin on Nedd4-2 could be 
partially blocked by LY294002 (Figure 8B).

Discussion
In this study, we provided evidence that pre-treatment with 
rosuvastatin significantly upregulated AFC, ameliorated 
pulmonary damage, reduced the levels of the inflammatory 
mediators, and improved survival rate in the LPS-induced 
murine lung injury model. However, co-treatment or post- 
treatment with rosuvastatin had no effect on AFC in the 
LPS-induced murine model of ALI. Additionally, pre- 
treatment with rosuvastatin enhanced the protein expres-
sion of sodium channels and Na,K-ATPase both in vivo 
and in vitro. The PI3K inhibitor, LY294002, abrogated the 
effect of rosuvastatin on AFC and the protein expression 
of ENaCs and Na,K-ATPases. AKT inhibitor, MK-2206, 
abolished the effect of rosuvastatin on the protein expres-
sion of ENaC α and Nedd4-2. Furthermore, rosuvastatin 
promoted Akt phosphorylation and decreased the expres-
sion of Nedd4-2 in vivo and in vitro. These results 

indicated that pre-treatment with rosuvastatin increased 
the expression of sodium channel and Na,K-ATPase to 
promote AFC via the PI3K/Akt/Nedd4-2 signaling path-
way (Figure 9).

ALI/ARDS is a serious condition characterized by 
pulmonary epithelial damage, which results in impaired 
AFC. Therefore, the removal of excess alveolar edematous 
fluid is crucial for the recovery and survival of patients 
with lung injury.2 Previous studies show that statins exert 
both anti-inflammatory and immunomodulatory effects.19 

Several clinical trials indicate that statins significantly 
reduce mortality in patients with sepsis and bacterial pneu-
monia and improve the prognosis of patients with 
ARDS.20–23

Rosuvastatin is one of the most commonly prescribed 
HMG-CoA reductase inhibitors.

Neukamm A reported that rosuvastatin treatment 
improves pulmonary function and attenuates systemic 
inflammation in patients with chronic obstructive pulmon-
ary disease.24 Previous study showed that continuous use 
of statins in patients with sepsis who have previously 

Figure 6 Effect of LPS on Na, K-ATPase α1 expression on primary ATII cells was ameliorated by rosuvastatin with dose and time dependency. Primary ATII cells was 
cultured with LPS (1 µg/mL) in the presence or absence of different concentration of rosuvastatin (0.1, 0.3, 3µM) for 12h, then the Na,K-ATPase α1 expression was 
measured by Western blot (A). Next, Primary ATII cells were cultured with LPS (1 µg/mL) in the presence or absence of 0.3 µM rosuvastatin for 4h,8h and 12h to measure 
the Na,K-ATPase α1 protein level (B). The data are presented as the mean ± SD, n = 6.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                

Journal of Inflammation Research 2021:14 1544

Xu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 7 Effect of LPS on ENaC α, β, and γ subunits and Na,K-ATPase α1 and β1 subunits expression in primary ATII was ameliorated by rosuvastatin partly through 
activation PI3K/Akt/Nedd4-2 pathway. Primary ATII cells were incubated with LPS (1 µg/mL) with or without rosuvastatin (0.3 µM) and/or LY294002 (10 mM) for 12 h. Na, 
K-ATPase α1 level was measured by immunofluorescence (A). ENaC α, β, and γ subunits and Na,K-ATPase α1 and β1 subunits expression (B–G) was analysis by Western 
blot. The data are presented as the mean ± SD, n = 6.
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received statin therapy and developed severe ARDS has an 
independent beneficial effect on the 28-day survival rate.23 

Another study showed that rosuvastatin improved the sur-
vival rate of patients with hyperinflammatory subpheno-
type of ARDS.25 Drug prophylaxis can prevent the 
occurrence and development of diseases and their 
complications.26,27 Hence, in this study, pre-treatment 
with rosuvastatin, but not co-treatment or post-treatment, 
improved AFC and survival rate. Moreover, pre-treatment 
with rosuvastatin ameliorated pulmonary damage, inflam-
matory cell infiltration, and the levels of the inflammatory 
factors. Therefore, these findings revealed the new value 
of rosuvastatin in the precise treatment of ALI/ARDS.

Na+ transport plays an important role in the alleviation 
of pulmonary edema. The cellular and molecular mechan-
isms responsible for the vectorial transport of Na+ from 
the alveoli to the interstitium relies on the sodium channels 

in the ATI and ATII. The intracellular Na+ is expelled by 
basolateral Na,K-ATPase and results in the production of 
an osmotic gradient that constitutes the primary driving 
force for the reabsorption of the pulmonary fluid across the 
alveolar epithelium.28 We found that rosuvastatin not only 
upregulated the LPS-induced reduction of the protein 
expression of the sodium channel α, β, and γ subunits, 
but also increased the protein expression of Na,K-ATPase 
α1 and β1 both in vivo and in vitro, indicating that this 
drug regulated Na+ transport by promoting the expression 
of ENaC and Na,K-ATPase. Consistent with our findings, 
previous studies have shown that pre-treatment with rosu-
vastatin could increase the myocardial Na,K-ATPase 
levels in rats with doxorubicin-induced cardiotoxicity.29 

Thus, these findings suggested that rosuvastatin promoted 
AFC by upregulating the sodium channel and the expres-
sion of Na,K-ATPase.

Figure 8 Effect of rosuvastatin on p-Akt and Nedd4-2 expression in LPS stimulated primary ATII cells. Primary ATII cells were incubated with LPS (1 µg/mL) with or without 
rosuvastatin (0.3 µM) and/or LY294002 (10 mM) for 12 h. P-Akt (A) and Nedd4-2 (B) protein expression was measured by Western blot. The data are presented as the 
mean ± SD, n = 6.
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PI3K is known to regulate ENaC-mediated AFC by insu-
lin and Specialized Pro-resolving Mediator (SPM).15,30,31 We 
found that LY294002 markedly attenuated rosuvastatin- 
induced ENaC expression and Na,K-ATPase level in vivo 
and in vitro, indicating that the effect of rosuvastatin in the 
lungs was PI3K-dependent. AKT is a crucial mediator of 
PI3K signals that has profound effects on several physiologi-
cal events.32,33 Our study suggested that rosuvastatin treat-
ment caused the LPS-induced reduction in Akt 
phosphorylation in vivo and in vitro, which was partially 
reversed by LY294002. The effect of rosuvastatin on the 
protein expression of ENaC α and Nedd4-2 was also abol-
ished by AKT inhibitor, MK-2206. This finding indicated that 
rosuvastatin could activate the PI3K/Akt signaling pathway.

Nedd4-2, an E3 ubiquitin-protein ligase, participates 
in negatively regulating sodium channel expression by 
ubiquitination and targeting for degradation.34,35 

Moreover, Akt phosphorylation competes with Nedd4-2 
for the binding sites of ENaC to increase ENaC 
expression.36,37 Consistently, rosuvastatin reduced the 
LPS-induced increase in Nedd4-2 protein levels, and 
that the beneficial effects of rosuvastatin in inhibiting 
Nedd4-2 protein expression were abrogated by 

LY294002, indicating that rosuvastatin improved ENaC 
and Na,K-ATPase expression through activation of the 
PI3K/Akt/Nedd4-2 pathway. Additionally, rosuvastatin- 
enhanced AFC was found to be abolished by 
LY294002 in vivo. Collectively, these results indicated 
that rosuvastatin could increase ENaC and Na,K-ATPase 
level to enhance AFC via the PI3K/Akt/Nedd4-2 
pathway.

Conclusion
To summarize, the results of our study indicated that pre-
treatment with rosuvastatin caused a reduction in mortality 
in LPS-induced rats. Rosuvastatin partially upregulated the 
expression of ENaC and Na,K-ATPase by activating the 
PI3K/Akt/Nedd4-2 pathway in a murine model of LPS- 
induced lung injury to promote AFC. Thus, rosuvastatin 
could be used for reabsorption of pulmonary fluid in an 
edematous condition after ALI, indicating its potential use 
in the management and treatment of ALI/ARDS.
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