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Abstract
Background: Pulmonary edema is one of the pathological characteristics of acute
respiratory distress syndrome (ARDS). The epithelial sodium channel (ENaC) is thought
to be the rate-limiting factor for alveolar fluid clearance (AFC) during pulmonary
edema. The peroxisome proliferator-activated receptor γ (PPARγ) agonist rosiglitazone
was shown to stimulate ENaC-mediated salt absorption in the kidney. However, its role
in the lung remains unclear. Here, we investigated the role of the PPARγ agonist in the
lung to find out whether it can regulate AFC during acute lung injury (ALI). We also
attempted to elucidate the mechanism for this.
Methods: Our ALI model was established through intratracheal instillation of
lipopolysaccharide (LPS) in C57BL/6 J mice. The mice were randomly divided into
4 groups of 10. The control group underwent a sham operation and received an
equal quantity of saline. The three experimental groups underwent intratracheal
instillation of 5 mg/kg LPS, followed by intraperitoneal injection of 4 mg/kg
rosiglitazone, 4 mg/kg rosiglitazone plus 1 mg/kg GW9662, or only equal quantity
of saline. The histological morphology of the lung, the levels of TNF-α and IL-1β
in the bronchoalveolar lavage fluid (BALF), the level of AFC, and the expressions
of αENaC and serum and glucocorticoid-induced kinase-1 (SGK1) were determined.
Type 2 alveolar (AT II) cells were incubated with rosiglitazone (15 μM) with or without
GW9662 (10 μM). The expressions of αENaC and SGK1 were determined 24 h later.
Results: A mouse model of ALI was successfully established. Rosiglitazone significantly
ameliorated the lung injury, decreasing the TNF-α and IL-1β levels in the BALF,
enhancing AFC, and promoting the expressions of αENaC and SGK1 in ALI mice,
which were abolished by the specific PPARγ blocker GW9662. In vitro, rosiglitazone
increased the expressions of αENaC and SGK1. This increase was prevented by GW9662.
Conclusions: Rosiglitazone ameliorated the lung injury and promoted ENaC-mediated
AFC via a PPARγ/SGK1-dependent signaling pathway, alleviating pulmonary edema in a
mouse model of ALI.
Keywords: Acute lung injury, Alveolar epithelial sodium channel, Alveolar fluid
clearance, Peroxisome proliferator-activated receptor γ, Serum and glucocorticoid
induced kinase-1
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Background
Acute respiratory distress syndrome (ARDS) is a severe illness that is characterized by
diffuse alveolar damage, increased lung permeability and pulmonary edema [1].
Pulmonary edema is induced when inflammation causes damage to alveolar epithelial
and endothelial cells, and results in alveolar fluid buildup and stubborn hypoxemia.
Any delay to the resolution of pulmonary edema prevents the recovery of effective gas
exchange and oxygenation of the lung [2, 3]. Therefore, timely clearance of alveolar
fluid from the edema is of great importance to ARDS patients.
Epithelial sodium channel (ENaC) is a multimeric protein that plays a critical role in
the process of alveolar fluid clearance (AFC). Consisting of at least three subunits,
ENaC is located in the apical membrane of alveolar epithelial cells. Its α subunit is
necessary to form functional ENaC, while the β and γ subunits promote the channel’s
activity [4–6].
Reabsorption of pulmonary edema starts when sodium enters the alveolar epithelial
cells through ENaC. It is subsequently pumped out by Na+-K+-adenosine triphosphatase (Na+-K+-ATPase) at the basal membrane. The osmotic pressure caused by Na+
transport drives water reabsorption [7]. Therefore, ENaC is thought to be the
rate-limiting factor for AFC during pulmonary edema.
Serum and glucocorticoid inducible kinase 1 (SGK1) is a member of the AGC kinase
family [8]. In mammals, ubiquitously expressed SGK1 participates in the regulation of
cell proliferation [9], hormone release [10], apoptosis [11] and ion transport [12]. Our
previous studies have demonstrated that SGK1 is of great importance in the regulation
of ENaC-mediated AFC during acute lung injury [13]. However, aspects of SGK1 regulation remain unclear.
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription
factors belonging to a nuclear hormone receptor superfamily containing three isoforms:
α, β/δ, and γ [14]. PPARγ is expressed primarily in adipose tissue, where it plays a critical role in adipocyte differentiation and lipid metabolism [15]. In addition, PPARγ has
also been detected in other tissues, including the kidney and lungs [15]. In previous
studies, PPARγ agonists were shown to stimulate ENaC-mediated salt absorption in the
kidney [16, 17]. However, the biological role of PPARγ agonists in the lung remains unclear. Therefore, in this study, we investigated the role of the PPARγ agonist rosiglitazone in the lung to find out whether it can regulate AFC during acute lung injury. We
also attempted to elucidate its mechanism.

Materials and methods
Animals

Eight-week old male C57BL/6 J mice weighing 22–25 g were purchased from the
Laboratory Animal Center of Chongqing Medical University and housed under specific
pathogen-free conditions in a temperature- and humidity-controlled environment with
a 12/12 h day/night cycle. The mice were allowed food and water ad libitum. All surgeries were performed under sodium pentobarbital anesthesia, and all efforts were made
to minimize suffering. All animal procedures were approved by the Ethics Committee
of Animal Experiments of the Second Affiliated Hospital of Chongqing Medical University. This study was performed in strict accordance with The Guide for the Care and
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Use of Laboratory Animals (Eighth Edition, 2011, published by The National Academies
Press, USA).
Main reagents

Lipopolysaccharide (LPS, Escherichia coli serotype 055:B5), sodium pentobarbital, Evans
blue dye, collagenase and trypsin were purchased from Sigma. ELISA kits were purchased from Abcam. Rosiglitazone (RGZ, C18H19N3O3S, purity ≥98%) and GW9662
(C13H9ClN2O3, purity ≥95%) were purchased from Santa Cruz Biotechnology. AntiαENaC antibody, anti-SGK1 antibody, anti-pSGK1 (Ser422) antibody, anti-GAPDH
antibody, and all secondary antibodies were all purchased from Abcam. RNAiso plus,
PrimeScript RT Reagent Kit (Perfect Real Time), and SYBR Premix Ex Taq II were all
purchased from TaKaRa Biotechnology.
Animal experimental protocol

Mice were randomly divided into 4 groups of 10: control, LPS, RGZ (LPS + rosiglitazone), and GW (GW9662 + LPS + rosiglitazone). The mice were all anesthetized with
50 mg/kg sodium pentobarbital by intraperitoneal injection. The three experimental
groups received 5 mg/kg LPS in 50 μl of sterile saline, which was instilled intratracheally with an indwelling vein needle. The control group only received 50 μl sterile saline.
Afterwards, the GW group received an intraperitoneal injection of 1 mg/kg GW9662.
Thirty minutes later, the RGZ group and the GW group received an intraperitoneal injection of 4 mg/kg rosiglitazone in 100 μl saline while the other groups were injected
with the same volume of saline.
After resuscitation, the mice were housed as previously mentioned. The animals were
killed after 24 h and their lungs were removed for the next experiments. Lungs from 5
mice from each group were used to measure the alveolar fluid clearance. For the other
5 mice from each group, the right lungs were used for lung histology, the left upper
lungs were used for real-time PCR, and the left lower lungs were used for western blot
after whole lung bronchoalveolar fluid lavage (BALF).
Cell isolation, culture and intervention

Type 2 alveolar (AT II) cells were isolated from C57BL/6 J mice via collagenase and
trypsin digestion of lung tissue and purified by adherence to IgG-coated plates, as described by Dobbs et al. [18]. Cell viability was assessed with trypan blue staining and
the identity of the cells was determined via immunocytochemical detection of surfactant protein C, which is indicative of AT II cells.
AT II cells were seeded onto plastic culture dishes and cultured with DMEM/F12
containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 0.1 mg/ml streptomycin in a 37 °C incubator containing 5% CO2. On the second day, the interventions
were administered. The control group received an equal volume of sterile
phosphate-buffered saline (PBS). The RGZ group received 15 μM rosiglitazone and an
equal volume of sterile PBS. The GW group received 10 μM GW9662 and 30 min later,
15 μM rosiglitazone. Twenty-four hours later, cells were collected and further experiments were performed. The doses of the drugs were determined based on previous
research [17, 19] and our preliminary experiments (Additional file 1: Figures S1~S4).
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Evaluation of lung histology

The lungs were harvested and immediately fixed in 4% paraformaldehyde for 24 h.
Then, they were embedded in paraffin, cut into sections, and stained with hematoxylin
and eosin (H&E) for optical microscopy. A semi-quantitative scoring system was
adopted to evaluate lung injury as previously described, with a scale of 0 to 4 points
based on combined assessments of inflammatory cell infiltration, alveolar septa thickness, intra-alveolar and interstitial edema, and hemorrhage. A score of 0 represented
no injury, 1 represented slight injury, 2 represented moderate injury, 3 represented
severe injury, and 4 represented very severe injury [20].
Alveolar fluid clearance

AFC determinations were done as previously described [21]. Briefly, after the lung was
removed integrally, 1 ml warm saline containing Evans blue dye-labeled 5% albumin
was injected into it. Then 2 ml oxygen was injected to distribute the saline evenly in
the alveolar spaces. The lungs were incubated at 37 °C and inflated at an airway pressure of 7 cm H2O with oxygen for 1 h. AFC was calculated as follows:
AFC ¼ ½ðVi−Vf Þ=Vi  100%Vf ¼ ðVi  EiÞ=Ef
where V represents the volume of injected albumin solution (i) and final alveolar fluid
(f ), and E represents the injected (i) and final (f ) concentration of Evans blue-labeled
5% albumin solution.
TNF-α and IL-1β levels in bronchoalveolar fluid lavage

BALF was acquired using the established procedure [22]. Briefly, mice were anesthetized with sodium pentobarbital (50 mg/kg). Then the tracheas and lungs were exposed.
A catheter was intubated into the trachea and bronchoalveolar lavage was performed
with a 1 ml syringe through 3 cycles of instillation and aspiration with 1 ml warm saline
every time. More than 90% of the BALF was collected from each mouse and centrifuged at 800 rpm for 10 min at 4 °C to remove cell debris. The supernatants were stored
at − 80 °C for further research. Measurements of TNF-α (ab208348) and IL-1β
(ab242234) were analyzed via enzyme-linked immunosorbent assay. The assay ranges
of the two kits were 46.88–3000 pg/ml and 28.1–1800 pg/ml. The respective inter-assay
CV values were 9.8 and 3.5%. The intra-assay CV values were 6.7 and 3.1%, respectively. All were used in accord with the manufacturers’ instructions.
Real-time PCR analysis

Total RNA from the tissues and cells was extracted using RNAiso plus solution
(TaKaRa). The concentration and purity of the RNA were estimated on a spectrophotometer. 1 μg of total RNA was used for synthesizing the cDNA using the PrimeScript
RT Reagent Kit (Perfect Real Time). cDNA was used for real-time PCR using SYBR
Premix Ex Taq II (Takara). All primers were synthesized by TaKaRa: αENaC (forward)
5′-TAC GCG ACA ACA ATC CCC AAG TGG-3′ and (reverse) 5′-ATG GAA GAC
ATC CAG AGA TTG GAG-3′; SGK1 (forward) 5′-CGG AAT GTT CTG TTG AAG
AAT GTG -3′, (reverse) 5′-TGT CAG CAG TCT GGA AAG AGA AGT -3′; and
GAPDH (forward) 5′-CAA GGT CAT CCA TGA CAA CTT TG -3′, (reverse) 5′-GTC
CAC CCT GTT GCT GTA G-3′. The PCR parameters were 95 °C for 30 s, followed by
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40 cycles at 95 °C for 5 s and 60 °C for 30 s. The results were normalized to GAPDH as
an internal control.
Protein extraction and western blot analysis

Total proteins and membrane proteins were respectively obtained with Total Protein Extraction Kits and Membrane Protein Extraction Kits (KeyGEN BioTECH) according to
the manufacturer’s instructions. The concentration of each protein sample was determined using a BCA protein assay kit (KeyGen BioTECH). The total proteins were used
for the detection of SGK1 and pSGK1, while the membrane proteins were used for the detection of αENaC. An equal amount of protein (50 μg) from each sample was separated
via electrophoresis on SDS-PAGE and transferred to polyvinylidene fluoride membranes.
After blocking with 5% non-fat milk for 1 h, the membranes were incubated with
anti-αENaC (1:800), anti-pSGK (Ser422) (1:1000), and anti-SGK (1:1000) primary antibodies overnight at 4 °C. GAPDH was used as a loading control. Then, the membranes
were incubated with a secondary antibody (1:5000) at room temperature for 2 h. Using an
enhanced chemiluminescence (ECL) method, protein bands were detected using a
Bio-Rad Gel Imaging System and analyzed with Quantity One software (Bio-Rad).
Statistical analysis

All data are presented as the means ± S.E.M. Data were analyzed using a one-way analysis of variance (ANOVA) followed by the least-square difference (LSD) post-test for
multiple comparisons or Kruskal-Wallis H analysis using SPSS 13.0 software (SPSS
Inc.). p < 0.05 was considered statistically significant.

Results
Rosiglitazone alleviated lung injury in LPS-induced ALI

H&E staining was used to evaluate the pathological morphology of the mouse lungs and
compared with the control group. We observed obvious destruction of alveolar structure,
inflammatory cell infiltration, thickening of the alveolar septa, and alveolar edema in the
LPS group (Fig. 1a and b). Rosiglitazone significantly alleviated the alveolar edema and
partly relieved the inflammation, which was prevented by GW9662 (Fig. 1c and d).
Rosiglitazone decreased the inflammatory mediators in the bronchoalveolar lavage fluid

LPS caused inflammatory cascades in the lung, which promoted the production of a
series of pro-inflammatory mediators, including TNF-α and IL-1β. In this study, LPS
caused significant increases in TNF-α and IL-1β in the BALF compared with the control group (p < 0.05; Fig. 2a and b). Rosiglitazone decreased the levels of TNF-α and
IL-1β in the BALF to a certain extent, but this decrease was prevented by
GW9662 (p < 0.05; Fig. 2a and b).
Rosiglitazone promoted alveolar fluid clearance in LPS- induced acute lung injury mouse
model

In LPS-induced acute lung injury mouse, AFC was lower than in the control group
(p < 0.05; Fig. 2c). Rosiglitazone alleviated the LPS-induced decrease in AFC. However,
the effect of rosiglitazone was abolished by its inhibitor GW9662 (p < 0.05; Fig. 2c).
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Fig. 1 Effect of rosiglitazone on pulmonary morphology in mouse models of ALI. HE staining was used to
determine the morphological changes to the lungs in mouse models of ALI. A representative figure from
each group is shown. a Control group. b LPS group. c RGZ group (received LPS + rosiglitazone). d GW
group (received LPS + rosiglitazone + GW9662). The lung injury score in each group (e) is shown as the
mean ± SEM (n = 5). The data were analyzed using ANOVA followed by the LSD post-test for multiple
comparisons with SPSS 13.0 software. *p < 0.05 vs. control group; #p < 0.05 vs. LPS group; Δp < 0.05 vs.
LPS + RGZ group

Rosiglitazone increased the expressions of the SGK1, pSGK1 and αENaC in LPS-induced
acute lung injury mouse model

To investigate the mechanism accounting for the effect of rosiglitazone on AFC, we determined the expressions of SGK1, pSGK1 (Ser422) and membrane αENaC. Compared
with the control group, LPS significantly decreased the mRNA and membrane protein
expression levels of αENaC (p < 0.05; Fig. 3a, e and f ), but not SGK1 (p > 0.05; Fig. 3a,
b and d). Compared with the LPS group, rosiglitazone significantly increased both the
mRNA and protein expression levels of SGK1, including the protein expression of
pSGK1 (Ser422) (p < 0.05; Fig. 3a, b, c and d) and the mRNA and membrane protein
expression levels of αENaC (p < 0.05; Fig. 3a, e and f ) at the same time. However, the
increases in pSGK1 (Ser422), SGK1 and αENaC were prevented by GW9662 (p < 0.05;
Fig. 3a–f ).

Fig. 2 Effect of rosiglitazone on inflammatory mediators in broncho-alveolar lavage fluid (BALF) and alveolar
fluid clearance (AFC) in mouse models of ALI. a and b The TNF-α (a) and IL-1β (b) levels in BALF
were determined via ELISA. c The AFC in ALI mice was determined. The data are presented as the
means ± SEM (n = 5) and analyzed using ANOVA followed by the LSD post-test for multiple comparisons with
SPSS 13.0. *p < 0.05 vs. control group; #p < 0.05 vs. LPS group; Δp < 0.05 vs. LPS + RGZ group
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Fig. 3 Effect of rosiglitazone on the expressions of αENaC and SGK1 in the lungs of ALI models. The protein
expressions of SGK1 (a and b), pSGK1 (a and c), and αENaC (a and e) in ALI mouse models were examined
via western blot analysis. The mRNA expressions of SGK1 (d) and αENaC (f) in ALI mouse models were
examined using qPCR. The data are presented as the means ± SEM (n = 5) and analyzed using ANOVA
followed by the LSD post-test for multiple comparisons with SPSS 13.0. #p > 0.05 vs. control group; Ψp < 0.05
vs. control group; *p < 0.05 vs. LPS group; Δp < 0.05 vs. LPS + RGZ group

Rosiglitazone increased the expression of the SGK1 and αENaC in AT II cells

To further confirm the mechanism, isolated AT II cells were tested. In vitro, rosiglitazone increased the mRNA expression levels of SGK1 and αENaC, and enhanced the expressions of SGK1, pSGK1 (Ser422), and membrane αENaC. However, all the effects of
rosiglitazone were inhibited by GW9662, which confirms the in vivo results (p < 0.05;
Fig. 4a–f ).

Discussion
Our observations show an influence of the PPARγ agonist rosiglitazone on the AFC in
ALI. Rosiglitazone treatment increased the total and phosphorylated expressions of
SGK1, which was confirmed to have the capacity to upregulate the expression of ENaC
on the cell surface.
Here, we built a model of ALI through intratracheal instillation of LPS. Successful establishment of the ALI model was confirmed by hallmarks present in the lung tissues
such as neutrophil infiltration, alveolar septa thickening, and edema accumulation in
the alveolar spaces.
Rosiglitazone has many advantages in treating patients with diabetes, including increasing insulin sensitivity, reducing blood glucose and hemoglobin A1c levels, inhibiting adipose tissue lipolysis hormones, and inhibiting inflammation [23, 24]. However,
edema as a side effect restricts its clinical usage. Rosiglitazone prompts Na+ reabsorption in the kidney to induce sequential fluid retention [25, 26]. Interestingly, when

Fig. 4 Effect of rosiglitazone on the expressions of αENaC and SGK1 in AT II cells. The in vitro protein expressions
of SGK1 (a and b), pSGK1 (a and c), and αENaC (a and e) were examined via western blot. The in vitro mRNA
expressions of SGK1 (d) and αENaC (f) were examined using qPCR. The data are presented as the
means ± SEM (n = 5) and analyzed using ANOVA followed by the LSD post-test for multiple comparisons with
SPSS 13.0. *p < 0.05 vs. control group; #p > 0.05 vs.RGZ group
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pulmonary edema occurs, the situation is just the opposite. During pulmonary edema,
it is of great importance to accelerate Na+ reabsorption to drive the alveolar fluid clearance. Whether rosiglitazone has any effect on alveolar fluid was unclear.
In our study, we found that rosiglitazone could alleviate pulmonary injury in ALI
mice. We ascribed two reasons to this effect. Rosiglitazone was thought to have
anti-inflammation capacity in previous research [27, 28]. Here, we also observed that
rosiglitazone decreased the inflammatory mediator levels in the BALF, which concurred
with the results of previous studies. On the other hand, rosiglitazone also promoted
AFC, a mechanism independent of the alleviation of inflammation but dependent on
ENaC. Rosiglitazone-stimulated expression of ENaC in ALI mice was significantly reduced by the PPARγ-specific blocker GW9662, indicating the effect was mediated by
the PPARγ signaling pathway. In vitro, we also found that rosiglitazone increased the
expression of ENaC in alveolar epithelial cells. However, GW9662 almost abolished the
effect of rosiglitazone, indicating that PPARγ is an essential point in this signaling pathway. At the same time, we found a positive correlation between the expressions of
SGK1 (pSGK1) and ENaC, indicating SGK1 was involved in this regulating process.
Therefore, we further investigated the relationship between rosiglitazone, SGK1
(pSGK1) and ENaC.
SGK1 belongs to a subfamily of S/T kinases known as the AGC protein kinases.
SGK1 is a functional convergence of various cell signaling pathways and phosphorylation cascades, playing important roles in ion channels, the cellular stress response,
and cell survival. Our previous research revealed that SGK1 is an important signaling
molecule participating in ion transport in alveolar epithelia. Activated SGK1 (pSGK1 at
Ser422) can phosphorylate neural precursor cell-expressed developmentally downregulated protein 4–2 (Nedd4–2), a negative regulator of ENaC. pSGK1 phosphorylates
Nedd4–2 to promote the interactions of Nedd4–2 with chaperonin 14–3-3 proteins instead of with ENaC, leading to the inhibition of ENaC ubiquitylation and further degradation. Thus, the number of ENaC remaining on the alveolar epithelial cell surface
increases [29–31]. SGK1 was found to hold an anti-inflammatory function by phosphorylating TGF-β-activated kinase 1 (TAK1) [32]. This is another mechanism accounting for how rosiglitazone alleviates inflammation.
As a transcription factor, PPARγ controls downstream gene expression. PPARγ binds
to PPAR response elements (PPRE) of target genes and forms heterodimerization with
the retinoid X receptor (RXR) to trans-activate or trans-repress the goal gene through
DNA-dependent or DNA-independent mechanisms [33]. Previous studies demonstrated that PPAR activators negatively interfere with the nuclear factor-κB (NF-κB),
STAT and AP-1 signaling pathways to inhibit the activation of inflammatory response
genes [27, 28, 34]. We also observed that rosiglitazone decreased the levels of inflammatory mediators in BALF, confirming this conclusion.
Meanwhile, rosiglitazone upregulated the expression of SGK1. Through bioinformatic
analysis, Hong et al. found that in CCD cells, the SGK1 had PPRE located in the promoter site. Therefore, PPARγ could bind to the PPRE of SGK1 and heterodimerize with
RXR to activate SGK1 gene transcription [35].
In this study, we found that the PPARγ agonist rosiglitazone increased the SGK1
expression from the transcription level, and accordingly the activated SGK1, which
further upregulated ENaC expression and ENaC-mediated AFC in the lung.
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However, there still is controversy about the mechanism of the PPARγ agonist rosiglitazone on Na+ transport. Renauld et al. [17] found the PPARγ agonist rosiglitazone increases ENaC expression at the plasma membrane of Xenopus laevis oocytes. Fu et al.
[36] concluded from their research that the PPARγ agonist rosiglitazone promoted
ENaC-mediated Na+ reabsorption in the connecting tubule cells. By contrast, Wilson et
al. [37] concluded that the PPARγ agonist had no discernible effect on transepithelial
Na+ absorption in H441 human distal airway epithelial cells and mouse renal collecting
duct mpkCCD cells. The two opinions above are supported by different studies. In our
current study, our data are consistent with the data of Renauld et al. [17] and Fu et al.
[36], but are inconsistent with the data of Wilson et al. [37]. It is possible that the
discrepancy may be attributed to different cell types, varied cellular environments and
statuses, or different responses to diverse stimulants.
Our results show that rosiglitazone relieves lung injury. In a mouse model of ALI, it was
found to stimulate ENaC-mediated AFC through the PPARγ/SGK1 signaling pathway to
mitigate pulmonary edema. In addition, our results suggest a mechanical basis for the
control of ENaC-mediated AFC by rosiglitazone, which may facilitate the development of
novel related therapies for pulmonary edema. However, further work is still needed to test
the effects of rosiglitazone on large mammal models of ALI and humans with ALI.

Conclusion
The PPARγ agonist rosiglitazone stimulates ENaC-mediated AFC through the PPARγ/
SGK1 signaling pathway to mitigate pulmonary edema in a mouse model of ALI. This
study may indicate a direction for future study on a therapeutic target for pulmonary
edema in ARDS/ALI.
Additional file
Additional file 1: Figure S1. The effect of different doses of rosiglitazone on the expression of αENaC mRNA in
mouse models of acute lung injury (ALI). The expression of αENaC mRNA increased gradually with increasing doses
of rosiglitazone up to 4 mg/kg, which significantly increased αENaC mRNA expression. A further increase of
rosiglitazone (8 mg/kg) did not further increase the expression of αENaC mRNA. The data are presented as the
means ± SEM (n = 3) and analyzed with SPSS 13.0using ANOVA followed by LSD post-test for multiple comparisons.
#
p > 0.05 vs. control group; *p < 0.05 vs. control group; Δp > 0.05 vs. RGZ 4 mg/kg group. Figure S2. The effect of
different doses of GW9662 on the rosiglitazone-increased expression of αENaC mRNA in mouse models of ALI. The
expression of αENaC mRNA decreased gradually with increasing doses of GW9662 up to 1 mg/kg, which significantly
decreased αENaC mRNA expression compared with the control group. A further increase of GW9662 (2 mg/kg) did not
further decrease the expression of αENaC mRNA. The data are presented as the means ± SEM (n = 3) and analyzed with
SPSS 13.0using ANOVA followed by LSD post-test for multiple comparisons. #p > 0.05 vs. control group; *p < 0.05 vs.
control group; Δp > 0.05 vs. RGZ 4 mg/kg + GW9662 1 mg/kg group. Figure S3. The effect of different doses of
rosiglitazone on the expression of αENaC mRNA in alveolar epithelial cells. The expression of αENaC mRNA in alveolar
cells increased gradually with increasing doses of rosiglitazone, up to 15 μM, which significantly increased the αENaC
mRNA expression in alveolar epithelial cells. A further increase of rosiglitazone (20 μM) did not further increase the
expression of αENaC mRNA. The data are presented as the means ± SEM (n = 3) and analyzed with SPSS 13.0 using
ANOVA followed by LSD post-test for multiple comparisons. #p > 0.05 vs. control group; *p < 0.05 vs. control group; Δp > 0.05
vs. RGZ 15 μM group. Figure S4. The effect of different doses of GW9662 on the rosiglitazone-increased expression of αENaC
mRNA in alveolar epithelial cells. The expression of αENaC mRNA decreased gradually when increasing the dose of GW9662
in alveolar epithelial cells up to 10 μM GW9662, which significantly decreased the αENaC mRNA expression compared with
the control group. A further increase of GW9662 (20 μM) did not further decrease the expression of αENaC mRNA. The data
are presented as the means ± SEM (n = 3) and analyzed with SPSS 13.0 using ANOVA followed by LSD post-test
for multiple comparisons. #p > 0.05 vs. control group; *p < 0.05 vs. control group; Δp > 0.05 vs. RGZ 15 μM + GW9662
10 μM group. (ZIP 760 kb)
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AFC: alveolar fluid clearance; ALI: acute lung injury; ARDS: acute respiratory distress syndrome; AT II: type II alveolar
epithelial cell; ENaC: epithelial sodium channel; LPS: lipopolysaccharide; Nedd4–2: neural precursor cell-expressed
developmentally downregulated protein 4–2; PPARs: peroxisome proliferator-activated receptors; RGZ: rosiglitazone;
SGK1: serum and glucocorticoid-inducible kinase 1

Page 9 of 11

He et al. Cellular & Molecular Biology Letters

(2019) 24:35

Acknowledgements
We thank all our undergraduate students for the care of the mice.
Funding
This research was supported by a grant from the National Natural Science Foundation of China (NSFC, grant no.
81600060).
Availability of data and materials
The datasets used or analyzed during the current study are available from the corresponding author on reasonable
request.
Authors’ contribution
JH, YZ, and DW drafted and revised the manuscript. JH, DQ and XT performed the animal studies and molecular
biology experiments. WD and XD analyzed the data. YZ and DW, as the joint corresponding authors, contributed
equally to the work. All authors read and approved the final manuscript.
Ethics approval and concent to participate
The animal experiments were approved by the Ethics Committee of Animal Experiments of the Second Affiliated
Hospital of Chongqing Medical University. All animal experiments were conducted according to relevant national and
international guidelines.
Consent for publication
All authors have read and approved the final manuscript for publication.
Competing interests
The authors declare that there is no conflict of interest associated with this work.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 8 November 2018 Accepted: 29 April 2019

References
1. Matthay MA, Ware LB, Zimmerman GA. The acute respiratory distress syndrome. J Clin Invest. 2012;122(8):2731–40.
2. Kolosova IA, Mirzapoiazova T, Moreno-Vinasco L, Sammani S, Garcia JG, Verin AD. Protective effect of purinergic agonist
ATPgammaS against acute lung injury. Am J Physiol Lung Cell Mol Physiol. 2008;294(2):L319–24.
3. Morty RE, Eickelberg O, Seeger W. Alveolar fluid clearance in acute lung injury: what have we learned from animal
models and clinical studies? Intensive Care Med. 2007;33(7):1229–40.
4. Canessa CM, Horisberger JD, Schild L, Rossier BC. Expression cloning of the epithelial sodium channel. Kidney Int. 1995;
48(4):950–5.
5. Helms MN, Self J, Bao HF, Job LC, Jain L, Eaton DC. Dopamine activates amiloride-sensitive sodium channels in alveolar
type I cells in lung slice preparations. Am J Physiol Lung Cell Mol Physiol. 2006;291(4):L610–8.
6. Johnson MD, Bao HF, Helms MN, Chen XJ, Tigue Z, Jain L, Dobbs LG, Eaton DC. Functional ion channels in pulmonary
alveolar type I cells support a role for type I cells in lung ion transport. Proc Natl Acad Sci U S A. 2006;103(13):4964–9.
7. Matthay MA, Folkesson HG, Clerici C. Lung epithelial fluid transport and the resolution of pulmonary edema. Physiol
Rev. 2002;82(3):569–600.
8. Webster MK, Goya L, Ge Y, Maiyar AC, Firestone GL. Characterization of sgk, a novel member of the serine/threonine
protein kinase gene family which is transcriptionally induced by glucocorticoids and serum. Mol Cell Biol. 1993;13(4):
2031–40.
9. Brunet A, Park J, Tran H, Hu LS, Hemmings BA, Greenberg ME. Protein kinase SGK mediates survival signals by
phosphorylating the forkhead transcription factor FKHRL1 (FOXO3a). Mol Cell Biol. 2001;21(3):952–65.
10. Lang F, Bohmer C, Palmada M, Seebohm G, Strutz-Seebohm N, Vallon V. (Patho)physiological significance of the serumand glucocorticoid-inducible kinase isoforms. Physiol Rev. 2006;86(4):1151–78.
11. Mikosz CA, Brickley DR, Sharkey MS, Moran TW, Conzen SD. Glucocorticoid receptor-mediated protection from apoptosis
is associated with induction of the serine/threonine survival kinase gene, sgk-1. J Biol Chem. 2001;276(20):16649–54.
12. Lang F, Shumilina E. Regulation of ion channels by the serum- and glucocorticoid-inducible kinase SGK1. FASEB J :
official publication of the Federation of American Societies for Experimental Biology. 2013;27(1):3–12.
13. He J, Qi D, Wang DX, Deng W, Ye Y, Feng LH, Zhu T, Zhao Y, Zhang CR. Insulin upregulates the expression of epithelial
sodium channel in vitro and in a mouse model of acute lung injury: role of mTORC2/SGK1 pathway. Exp Cell Res. 2015;
331(1):164–75.
14. Pavlov TS, Imig JD, Staruschenko A. Regulation of ENaC-mediated sodium reabsorption by peroxisome proliferatoractivated receptors. PPAR Res. 2010;2010:703735.
15. Mukherjee R, Jow L, Croston GE, Paterniti JR Jr. Identification, characterization, and tissue distribution of human
peroxisome proliferator-activated receptor (PPAR) isoforms PPARgamma2 versus PPARgamma1 and activation with
retinoid X receptor agonists and antagonists. J Biol Chem. 1997;272(12):8071–6.
16. Guan Y, Hao C, Cha DR, Rao R, Lu W, Kohan DE, Magnuson MA, Redha R, Zhang Y, Breyer MD. Thiazolidinediones
expand body fluid volume through PPARgamma stimulation of ENaC-mediated renal salt absorption. Nat Med. 2005;
11(8):861–6.

Page 10 of 11

He et al. Cellular & Molecular Biology Letters

(2019) 24:35

17. Renauld S, Tremblay K, Ait-Benichou S, Simoneau-Roy M, Garneau H, Staub O, Chraibi A. Stimulation of ENaC activity by
rosiglitazone is PPARgamma-dependent and correlates with SGK1 expression increase. J Membr Biol. 2010;236(3):259–70.
18. Dobbs LG, Gonzalez R, Williams MC. An improved method for isolating type II cells in high yield and purity. Am Rev
Respir Dis. 1986;134(1):141–5.
19. Pavlov TS, Levchenko V, Karpushev AV, Vandewalle A, Staruschenko A. Peroxisome proliferator-activated receptor
gamma antagonists decrease Na+ transport via the epithelial Na+ channel. Mol Pharmacol. 2009;76(6):1333–40.
20. Wang Q, Zheng X, Cheng Y, Zhang YL, Wen HX, Tao Z, Li H, Hao Y, Gao Y, Yang LM, et al. Resolvin D1 stimulates
alveolar fluid clearance through alveolar epithelial Sodium Channel, Na,K-ATPase via ALX/cAMP/PI3K pathway in
lipopolysaccharide-induced acute lung injury. J Immunol. 2014;192(8):3765–77.
21. He J, Zhao Y, Deng W, Wang DX. Netrin-1 promotes epithelial sodium channel-mediated alveolar fluid clearance via
activation of the adenosine 2B receptor in lipopolysaccharide-induced acute lung injury. Respiration; international
review of thoracic diseases. 2014;87(5):394–407.
22. Rhee CK, Lee SH, Yoon HK, Kim SC, Lee SY, Kwon SS, Kim YK, Kim KH, Kim TJ, Kim JW. Effect of nilotinib on bleomycininduced acute lung injury and pulmonary fibrosis in mice. Respiration; international review of thoracic diseases. 2011;
82(3):273–87.
23. Jain AK, Vaidya A, Ravichandran V, Kashaw SK, Agrawal RK. Recent developments and biological activities of
thiazolidinone derivatives: a review. Bioorg Med Chem. 2012;20(11):3378–95.
24. Cariou B, Charbonnel B, Staels B. Thiazolidinediones and PPARgamma agonists: time for a reassessment. Trends
Endocrinol Metab. 2012;23(5):205–15.
25. Goltsman I, Khoury EE, Winaver J, Abassi Z. Does thiazolidinedione therapy exacerbate fluid retention in congestive
heart failure? Pharmacol Ther. 2016;168:75–97.
26. Horita S, Nakamura M, Satoh N, Suzuki M, Seki G. Thiazolidinediones and edema: recent advances in the pathogenesis
of Thiazolidinediones-induced renal sodium retention. PPAR Res. 2015;2015:646423.
27. Lin CF, Young KC, Bai CH, Yu BC, Ma CT, Chien YC, Chiang CL, Liao CS, Lai HW, Tsao CW. Rosiglitazone regulates antiinflammation and growth inhibition via PTEN. Biomed Res Int. 2014;2014:787924.
28. Standiford TJ, Keshamouni VG, Reddy RC. Peroxisome proliferator-activated receptor-{gamma} as a regulator of lung
inflammation and repair. Proc Am Thorac Soc. 2005;2(3):226–31.
29. Schild L, Lu Y, Gautschi I, Schneeberger E, Lifton RP, Rossier BC. Identification of a PY motif in the epithelial Na channel subunits
as a target sequence for mutations causing channel activation found in Liddle syndrome. EMBO J. 1996;15(10):2381–7.
30. Debonneville C, Flores SY, Kamynina E, Plant PJ, Tauxe C, Thomas MA, Munster C, Chraibi A, Pratt JH, Horisberger JD, et
al. Phosphorylation of Nedd4-2 by Sgk1 regulates epithelial Na(+) channel cell surface expression. EMBO J. 2001;20(24):
7052–9.
31. Staub O, Dho S, Henry P, Correa J, Ishikawa T, McGlade J, Rotin D. WW domains of Nedd4 bind to the proline-rich PY
motifs in the epithelial Na+ channel deleted in Liddle's syndrome. EMBO J. 1996;15(10):2371–80.
32. Zhou H, Gao S, Duan X, Liang S, Scott DA, Lamont RJ, Wang H. Inhibition of serum- and glucocorticoid-inducible kinase
1 enhances TLR-mediated inflammation and promotes endotoxin-driven organ failure. FASEB J : official publication of
the Federation of American Societies for Experimental Biology. 2015;29(9):3737–49.
33. Cuzzocrea S. Peroxisome proliferator-activated receptors and acute lung injury. Curr Opin Pharmacol. 2006;6(3):263–70.
34. Szanto A, Nagy L. The many faces of PPARgamma: anti-inflammatory by any means? Immunobiology. 2008;213(9–10):
789–803.
35. Hong G, Lockhart A, Davis B, Rahmoune H, Baker S, Ye L, Thompson P, Shou Y, O'Shaughnessy K, Ronco P, et al.
PPARgamma activation enhances cell surface ENaCalpha via up-regulation of SGK1 in human collecting duct cells.
FASEB J : official publication of the Federation of American Societies for Experimental Biology. 2003;17(13):1966–8.
36. Fu Y, Gerasimova M, Batz F, Kuczkowski A, Alam Y, Sanders PW, Ronzaud C, Hummler E, Vallon V. PPARgamma agonistinduced fluid retention depends on alphaENaC expression in connecting tubules. Nephron. 2015;129(1):68–74.
37. Wilson SM, Mansley MK, Getty J, Husband EM, Inglis SK, Hansen MK. Effects of peroxisome proliferator-activated receptor
gamma agonists on Na+ transport and activity of the kinase SGK1 in epithelial cells from lung and kidney. Br J
Pharmacol. 2010;159(3):678–88.

Page 11 of 11

