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 Background: Ouabain, an inhibitor of Na+/K+-ATPase, is a type of endogenous hormone synthesized in the adrenal cortex 
and hypothalamus. Previous studies found that ouabain potently inhibited inflammatory reactions and regu-
lated immunological processes. Our present study aimed to investigate the therapeutic role of ouabain on li-
popolysaccharide (LPS)-induced acute lung injury (ALI) in mice.

 Material/Methods: Ouabain (0.1 mg/kg) or vehicles were intraperitoneally injected into male C57BL/6J mice once a day for 3 con-
secutive days. One hour after the last injection of ouabain, LPS (5 mg/kg) was administrated through intrana-
sal instillation to induce ALI. 6 hours and 24 hours later, bronchoalveolar lavage fluid (BALF) and lung tissues 
were harvested to detect the protective effects of ouabain, including protein concentration, inflammation cell 
counts, lung wet-to-dry ratio, and lung damage.

 Results: The results showed that ouabain attenuated LPS-induced ALI in mice, which was indicated by alleviated path-
ological changes, downregulated TNF-a, IL-1b, and IL-6 production, inhibited neutrophils infiltration and mac-
rophages, and ameliorated pulmonary edema and permeability. Further results found the activation of nucle-
ar factor-kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) signaling pathways were suppressed 
by ouabain in LPS-induced ALI.

 Conclusions: These results suggest that ouabain negatively modulates the severity of LPS-induced ALI.
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Background

Acute lung injury (ALI) is a kind of clinical syndrome of acute 
respiratory failure that usually caused by sepsis, pneumonia, or 
severe trauma, which has an extensive influence on health [1]. 
The pathological characteristics of ALI are the increased per-
meability of the alveolar-capillary barrier, neutrophils accumu-
lation, uncontrolled inflammation, and oxidative stress inju-
ry [2]. Despite extensive investigations on early diagnosis and 
therapy of ALI, the incidence and mortality of this disease still 
remain high in patients [2]. Therefore, effective therapeutic op-
tions towards ALI are urgently needed.

Ouabain is a kind of Na+/K+-ATPase inhibitor, which has been 
used in the therapy of congestive heart failure therapy for a 
long time. It is also an endogenous substance synthesized in 
the mammals’ adrenal cortex and hypothalamus, which plays 
an important role in physiological regulations [3,4]. Research 
has shown that the ouabain level in serum was increased with 
the stimulation of blood volume augmentation, angiotensin II, 
adrenocorticotropic hormone, hypertension, or stress condi-
tions [5,6]. Compelling evidence has demonstrated that oua-
bain regulates immune functions. It inhibits phosphorylated 
MAPK p38 expression in concanavin A activated monocytes [7]. 
In addition, ouabain regulates the process of inflammation by 
inhibiting TNF-a/NF-kB signaling pathway in HeLa cells and 
293T cells [8]. Recent data demonstrated the anti-inflamma-
tory and analgesic effects of ouabain by inhibiting NF-kB ac-
tivation [9,10]. It has also been demonstrated that ouabain 
could negatively modulate airway inflammation in ovalbu-
min-induced asthma [11]. However, whether ouabain could 
regulate inflammatory responses in LPS-induced ALI in mice 
has not been reported.

Using a well-established model of ALI, through intranasal in-
stillation LPS, we aimed to investigate whether ouabain re-
duces LPS-induced ALI. We report herein that ouabain ame-
liorates LPS-induced lung histopathologic changes, reduces 
inflammatory cells infiltration, and attenuates the severity of 
lung injury in mice.

Material and Methods

Reagents

LPS, Evans blue dye, and ouabain were purchased from Sigma 
Chemical Co (St Louis, MO, USA). Mouse TNF-a, IL-1b, and 
IL-6 enzyme-linked immunosorbent assay (ELISA) kits were 
purchased from R&D system (Minneapolis, MN, USA). Mouse 
p65, p-p65, p38, p-p38, ERK, p-ERK, JNK, and p-JNK were pro-
vided by Cell Signaling Technology Inc (Beverly, MA, USA). The 
fluorescent-labeled monoclonal antibodies anti-F4/80-FITC, 

anti-CD11b-APC, anti-Ly6G-PE were bought from eBioscienc-
es (San Jose, CA, USA).

Animals

Health 6- to 8-week-old male C57BL/6J mice were purchased 
from Shanghai SLAC Laboratory Animals Center (Shanghai, 
China). All mice were housed at a 12-hour light-dark cycle en-
vironment, with free access to water and food. Animal exper-
iments were approved by the Scientific Investigation Board of 
Naval Medical University.

Administration of ouabain

According to previous research [10–12], in our preliminary 
experiments, we also tried to evaluate whether the effect of 
ouabain was in a dose-dependent manner in a mouse mod-
el of ALI. We adopted 0.02, 0.1, and 0.5 mg/kg of ouabain in-
traperitoneal injection into mice within 3 consecutive days. 
Our results showed that the dose of 0.1 mg/kg was much 
more effective to inhibit the inflammatory responses in vivo 
(Supplementary Figure 1). We also found that ouabain treat-
ment after LPS challenge was less effective than ouabain pre-
treatment method (Supplementary Figure 2). Thus, we chose 
the dose of 0.1 mg/kg ouabain and the administered within 3 
consecutive days before LPS challenge in our research to ex-
plore its effectiveness.

Animal models of ALI

C57BL/6J mice were randomly assigned to the following groups 
(n=8, each): 1) control group; 2) LPS treated group; 3) LPS and 
ouabain treated group. Each mouse was intraperitoneally in-
jected the same volume (200 µL) of vehicles (PBS) or ouabain 
(0.1 mg/kg) once a day for 3 consecutive days. One hour af-
ter the last injection of ouabain, animals were anesthetized 
by sevoflurane, and LPS (5 mg/kg) dissolved in 50 µL PBS was 
then administered through intranasal instillation to induce ALI; 
the mice in the control group received equivalent PBS [13]. At 
6 hours and 24 hours after LPS challenge, all mice were sacri-
ficed by CO2 inhalation. Then, lung tissues and bronchoalveo-
lar lavage fluid (BALF) were collected.

Histology

Lungs were fixed in 4% paraformaldehyde solution for more 
than 48 hours before being embedded in paraffin and sec-
tioned. After deparaffinization and rehydration, the sections 
were stained with hematoxylin and eosin (H&E). Alveolar con-
gestion, hemorrhage, aggregation of inflammatory cells, and 
the thickness of the alveolar walls were assessed under a light 
microscope [14].
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Lung W/D weight ratio

The lung tissues in each group were harvested, and the wet 
weights were measured. Then the lungs were incubated in 
an oven at 80°C for 3 days to remove moisture, and the dry 
weights were measured. The wet to dry weight ratio was cal-
culated to assess the edema.

Evans blue staining in lungs

Evans blue dye accumulation in lungs was measured [15]. Mice 
were administered 25 mg/kg Evans blue dye by tail vein injec-
tion 2 hours before lung tissues were harvested. Before ex-
cised, lungs were perfused with PBS containing heparin to re-
move blood. Then, Evans blue dye in lung tissues was extracted 
and quantitated by spectrophotometric method.

Bronchoalveolar lavage fluid analysis

The BALF was obtained by intratracheal injection with 1 mL 
cold PBS. Then the BALF was centrifuged at 1500 rpm for 10 
min. The cells in BALF were collected and stained with anti-
F4/80-FITC and anti-CD11b-APC to detect macrophages, stained 
with anti-Ly6G-PE and anti-CD11b-APC to detect neutrophils 
by flow cytometry (BD Bioscience, San Jose, CA, USA) [15]. Flow 
cytometry data was acquired using FACSCanto II flow cytom-
eter (BD Bioscience, San Jose, CA, USA) and analyzed using 
FlowJo software, version 7.6.1 (Tree Star, Ashland, OR, USA). 
The total proteins in the supernatant were measured by BCA 
method (Thermo scientific, IL, USA). For cytokines detection, 
TNF-a, IL-1b, and IL-6 levels in BALF were measured by ELISA 
with commercial kits.

Blood cell counts analysis

Mice were anesthetized by sevoflurane 6 hours and 24 hours 
after LPS challenge. Blood was collected by heart puncture. 
Then, the blood was sent into ethylenediaminetetraacetic acid 
tube and detected by MINDRAY animal automatic blood cell 
analyzer (Model: BC-2800vet).

Real-time PCR

Total RNA in lung tissues were isolated using the TRIzol re-
agent (Takara Biotechnology, Dalian, China) based on the in-
structions. Reverse-transcribed into cDNA was performed us-
ing a PrimeScript RT reagent kit (Takara Biotechnology, Dalian, 
China). Determined and normalized by the amount of B2M, the 
2–DDCt method was used to calculate the relative gene ex-
pression. The murine primers were synthesized in Invitrogen 
as follows: 
TNF-a: F 5’-CACCATGAGCACAGAAAGCA-3’
R 5’-TAGACAGAAGAGCGTGGTGG-3’

IL-1b: F 5’-ACTCATTGTGGCTGTGGAGA-3’
R 5’-TTGTTCATCTCGGAGCCTGT-3’
IL-6: F 5’-ACCACTCCCAACAGACCTG-3’
R 5’-GGTACTCCAGAAGACCAGAGG-3’
B2M: F’-CGGCCTGTATGCTATCCAGA-3’
R 5’-GGGTGAATTCAGTGTGAGCC-3’

Western blot analysis

Immunoblotting was performed according to standard meth-
ods. Briefly, equal amounts of proteins in lung tissues were 
separated on SDS-polyacrylamide gel electrophoresis, trans-
ferred to PVDF membranes and subsequently incubated with 
antibodies: p65, p-p65, p38, p-p38, ERK, p-ERK, JNK, and p-JNK 
(Cell Signal Technology, Beverly, MA, USA). Membranes were 
then incubated with the peroxidase-conjugated secondary an-
tibodies. At last, the signals were visualized by enhanced che-
miluminescence (Pierce, Rockford, IL, USA). The relative band 
intensity was quantified using ImageJ 1.47v (Rawak Software, 
Inc. Germany).

Statistical analysis

Statistical analysis was conducted with GraphPad Prism 5 
(GraphPad Software Inc., CA, USA) using one-way analysis of 
variance (ANOVA) and the 2-tailed Student’s t-test. All data 
were presented as mean values ±SEM. P values <0.05 were 
considered statistically significant.

Results

Ouabain reduces LPS-induced lung histopathologic 
changes

In the present study, at 6 hours and 24 hours after LPS chal-
lenge, lungs from mice of each group were collected and stained 
with H&E to determine the effect of ouabain on LPS intranasal 
instillation induced ALI. As shown in Figure 1A, interstitial ede-
ma, alveolar hemorrhage, the thickness of pulmonary septum, 
and inflammatory cells infiltration were obviously observed in 
LPS group. However, the histopathological changes of lungs 
were alleviated by ouabain administration. Compared with the 
control group, the pathological scores increased after LPS chal-
lenge, while the pathological scores were reduced by the treat-
ment of ouabain (Figure 1B). Thus, these data demonstrated 
that ouabain could ameliorate LPS-induced lung injury in mice.

Ouabain ameliorates LPS-induced inflammatory cells 
infiltration

In the progression of ALI, the migration of neutrophils is one 
of the hallmark events. Neutrophils and alveolar macrophages 
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are vital to defending against pathogen invasion and infec-
tion in ALI [15]. Therefore, we measured the effects of oua-
bain on inflammatory cells infiltration in the lungs. We found 
that LPS markedly increased the number of total cells, neu-
trophils, and alveolar macrophages in BALF at 6 hours and 24 
hours after LPS challenge. However, those increases were re-
duced by the administration of ouabain (Figure 2A–2C). We 
also examined the blood cell counts in mice of each group. We 
found that the number of white blood cells and neutrophils 
significantly increased at 6 hours and 24 hours after LPS chal-
lenge. However, there were no significant differences between 
the ouabain group and LPS group 6 hours and 24 hours after 
the administration of LPS, respectively (Table 1). In summary, 
these results indicated that ouabain has an effect on inhib-
iting the migration of neutrophils and macrophages into the 
pulmonary alveoli.

Ouabain alleviates the permeability of lungs induced by 
LPS

The permeation of macromolecules and fluid into the inter-
stitium was increased when the endothelial cell barrier was 
damaged [16]. Therefore, we measured the lung W/D ratio, to-
tal proteins in BALF, and the effusion of Evans blue dye to re-
flect the severity of lung permeability and edema. As shown 
in Figure 2D, the lung W/D ratio was markedly increased after 
LPS administration 6 hours and 24 hours. However, ouabain 
significantly decreased the lung W/D ratio. Furthermore, oua-
bain reduced total proteins in BALF (Figure 2E), which indicat-
ed that ouabain could reduce the severity of lung permeability. 
Evans blue dye was injected into the caudal vein to evaluate 
the vascular leakage in lungs. Compared with the LPS group, 
the leakage of Evans blue dye from the vessels into the inter-
stitium in the ouabain treated mice was significantly reduced 
(Figure 2F), which indicated a protective effect of ouabain on 
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Figure 1.  Effects of ouabain on LPS-induced lung histopathologic changes in mice. (A) At 6 hours and 24 hours after LPS challenge, 
lungs in each group were prepared for histological evaluation. Representative histological section of the lungs was stained by 
H&E staining, magnification (200×). (B) The lung injury scores were determined. The values presented are mean ±SEM (n=8), 
# P<0.05, ## P<0.01 vs. the control group; * P<0.05 vs. the LPS-treated group.
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Figure 2.  Effects of ouabain on inflammatory cells and permeability of lungs induced by LPS. Lung tissues and BALF were harvested to 
investigate at 6 hours and 24 hours after LPS treatment. (A–C) The total cells, neutrophils, and alveolar macrophages were 
detected by flow cytometry in BALF. (D) Lung tissues were weighed and calculated the W/D ratio. (E) BCA method was used 
to measure the total proteins in BALF. (F) The permeability of lungs was detected by injecting Evans blue dye. The values 
presented are mean ±SEM (n=8), # P<0.05, ## P<0.01 vs. the control group; * P<0.05 vs. the LPS-treated group.

Normal LPS (6 h) OUB (6 h) LPS (24 h) OUB (24 h)

WBC (109/L) 2.07±1.26 4.25±1.07* 4.92±0.51 5.42±1.70 5.1±1.32

Neutrophil (109/L) 0.59±0.27 1.92±0.52* 2.23±0.17 2.05±0.52 2.35±0.42

Neutrophil (%) 23.35±5.44 43.27±2.10* 42.96±5.12 37.57±5.51 41.83±6.54

Table 1. The blood cell counts (n=8, each group).

* P<0.05, compared with normal group.
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the endothelial cell barrier in LPS-induced ALI. All above dem-
onstrated that ouabain could alleviate lung edema and per-
meability in LPS-induced ALI in mice.

Ouabain suppresses LPS-induced lung inflammatory 
cytokines

Inflammatory cytokines play a major role in LPS-induced ALI. In 
order to illustrate whether ouabain could inhibit LPS-induced 
inflammation in lungs, we measured the levels of TNF-a, IL-1b, 
and IL-6 in BALF. At 6 hours and 24 hours after LPS challenge, 
compared with the control group, the level of these cytokines 
was significantly increased (Figure 3A, 3C, 3D), while ouabain 
suppressed their upregulation. Besides, the gene expression of 
these inflammatory cytokines in the lungs was similar to the 

protein level in BALF. In lung homogenates, the gene expression 
of TNF-a, IL-1b, and IL-6 was reduced respectively by the admin-
istration of ouabain (Figure 3B, 3D, 3E). Therefore, ouabain is able 
to suppress inflammatory mediators in LPS-induced ALI in mice.

Ouabain inhibits lung NF-kB and MAPK signaling 
pathways

The NF-kB and MAPK signaling pathways are required for LPS 
mediated inflammatory responses [17]. Therefore, we exam-
ined the phosphorylation of NF-kB and MAPK signaling path-
ways in lung homogenate to explore the molecular evidence 
of the anti-inflammatory effects of ouabain. As illustrated in 
Figure 4, the expression of the phosphorylated ERK, JNK, p65, 
and p38 at the 6 hours and 24 hours after LPS challenge was 
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Figure 3.  Effects of ouabain on the production of inflammatory cytokines in LPS-induced ALI. (A, C, E) BALF was collected and the 
levels of TNF-a, IL-1b, and IL-6 was measured at 6 hours and 12 hours after LPS challenge. (B, D, F) The mRNA expression of 
TNF-a, IL-1b, and IL-6 were detected in lung tissues. The values presented are mean ±SEM (n=8), # P<0.05, ## P<0.01 vs. the 
control group; * P<0.05 vs. the LPS-treated group.
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significantly increased. Ouabain inhibited the phosphorylation 
of these signaling molecules. Our data indicate that ouabain 
treatment attenuates the severity of LPS-induced ALI.

Discussion

In this study, we found that ouabain attenuates LPS-induced 
ALI by inhibiting inflammatory responses. LPS is a component 
of the cell walls of Gram-negative bacteria, which can induce 
neutrophils recruitment, inflammation, vascular leakage, and 

tissues damage [18]. The key pathogenesis of LPS-induced ALI 
is the production of the inflammatory cells and excessive in-
flammatory cytokines in lungs [19]. LPS increased the produc-
tion and the secretion of inflammatory cytokines in ALI, which 
was relevant to the severity of lung injury [20]. Research has 
shown that suppressing the release of inflammatory cytokines 
could reduce the incidence and severity of ALI [21]. Recently, 
the anti-inflammatory role of ouabain has been widely studied. 
It reduced TNF-a and IFN-g in acute inflammatory responses 
induced by Leishmania amazonensis infection [9]. Researchers 
have demonstrated that ouabain inhibited zymosan-induced 
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peritonitis, which was related to the reduction of TNF-a and 
IL-1b [12]. Teixeira and colleagues found that ouabain enhanced 
the expression of anti-inflammatory cytokine IL-10 in human 
monocytes [22]. Low doses of ouabain could reverse the im-
mune paralysis of sepsis by increasing TNF-a, IFN-g, and GM-
CSF expression and improving the survival rate of mice [23]. 
However, studies have shown that ouabain induced lung in-
flammation and cytokines production, which may be associ-
ated with the differences on the dose and route of adminis-
tration [24]. Although studies have shown that ouabain has a 
proinflammatory effect, more researches have focused on the 
inhibitory effect of ouabain on inflammation [25]. Therefore, 
we adopted LPS-induced ALI in our study to better understand 
the immunomodulatory effect of ouabain. We found the pro-
duction of TNF-a, IL-1b, and IL-6 in LPS-induced ALI was signifi-
cantly inhibited by the administration of ouabain in vivo, which 
illustrated that ouabain could suppress cytokines production to 
inhibit the inflammatory responses in LPS-induced ALI in mice.

Although infiltrated neutrophils can engulf bacteria and in-
hibit tissue damage, they also release inflammatory media-
tors and cause further lung injury [26]. Alveolar macrophages 
play a major role in LPS-induced neutrophils accumulation in 
ALI [27]. As neutrophils and alveolar macrophages mediated 
alveolar damage, pulmonary interstitial edema, and protein 
leakage-related inflammatory responses, a strategy to limit 
the lung injury is decreasing the recruitment of these cells in 
lungs [15,28]. Previous studies have demonstrated that oua-
bain inhibited IL-8 receptors recycling to decrease the migra-
tion of neutrophils [29] and decreased intercellular cell adhe-
sion molecule-1 expression in lung tumor cells [30]. Related 
researches also proposed ouabain reduced the polymorpho-
nuclear leukocytes in animal models of peritonitis induced by 
concanavalin A and Leishmania amazonensis [9,10]. Ouabain 
was also proven to alleviate allergic airway inflammation in a 
mouse model, which inhibits inflammatory cell migration into 
the lungs [11]. Leite and colleagues demonstrated that ouabain 
reduced neutrophil migration and decreased vascular permea-
bility in peritonitis [12]. In our study, we found ouabain effec-
tively reduced the number of total cells, neutrophils, and mac-
rophages in BALF. We also found ouabain decreased the lung 
W/D ratio, alleviated the vascular leakage in lungs, and ame-
liorated proteins in BALF, which indicated that ouabain alle-
viated the permeability of lungs and reduced serous fluid in 
lung tissues. Therefore, these results suggested that ouabain 
could protect against LPS-induced ALI.

NF-kB signaling pathway plays important roles in the inflam-
matory responses, which is a pivotal regulator of inflammatory 
cytokines such as TNF-a, IL-1b, IL-6, IL-10, and chemokines [31]. 
LPS can induce p65 dissociating from IkB. Then, p65 translocat-
ed into the nucleus to improve inflammatory cytokines produc-
tion [32,33]. Research indicates that NF-kB signaling pathway 

could regulate the processes of ALI [34], and inhibiting NF-
kB signaling could decrease ALI in septic mice [35]. Similar to 
NF-kB, MAPK family proteins participate in the production of 
inflammatory cytokines in ALI [17]. In order to investigate the 
anti-inflammatory effect of ouabain in LPS-induced ALI, we 
measured the activation of NF-kB and MAPK in lung tissues. 
We observed the expression of the phosphorylation of ERK, 
JNK, p38, and p65 in ouabain-treated mice were significantly 
alleviated, which illustrated the anti-inflammatory effects of 
ouabain from molecular evidence. Similar results were also ob-
served as researchers reported digitalis, including ouabain, re-
duced TNF-a, IL-1b, and IL-6 levels in LPS-stimulated PBMC by 
inhibiting NF-kB signaling [36]. A possible mechanism indicat-
ed, by interfering with the interaction between tumor necrosis 
factor receptor 1 and TNFR-associated death domain protein 
(TRADD) in HeLa cell cultures, ouabain could block the activa-
tion of the TNF/NF-kB pathway [8]. In addition, research in pre-
treatment of ouabain was also proposed as ouabain reduced 
p65 subunit translocation and IkB degradation in rat hippo-
campus, thus mediated anti-inflammation and anti-apopto-
sis [37]. As our results indicated, the MAPK signaling pathway 
was also regulated by ouabain. The phosphorylated p38 reg-
ulates a variety of transcription factors. Ouabain reduces p38 
activation in thymocytes after the stimulation of concanavalin 
A [7], decreases p53 synthesis by inhibiting Src or MAPK acti-
vation [38], or decreases the phosphorylation of p38 and NF-
kB in macrophages [39]. Taken together, with multiple possi-
ble targets, ouabain could modulate the function of immune 
cells in LPS-induced ALI.

The findings in the present work may indicate that ouabain is 
able to downregulate inflammation in ALI, which may help to 
discover a new physiological role of ouabain in the immune 
system. However, there are potential limitations to our cur-
rent research. First, we revealed the protective effects of oua-
bain in LPS-induced ALI. However, the underlying molecular 
mechanisms are poorly understood, and further research is 
warranted. Second, based on our preliminary experiments, 
we choose the pretreatment method other than treatment 
after LPS challenge, which might limit its clinical application 
in further research.

Conclusions

Ouabain was able to modulate LPS-induced ALI. It reduced 
TNF-a, IL-1b, and IL-6 levels in lungs, inhibited the number of 
neutrophils and macrophages, decreased the lung histopatho-
logical changes, and ameliorated pulmonary permeability and 
edema. Further research also has indicated that LPS-induced 
NF-kB and MAPK signaling pathways activation is alleviated 
by ouabain. Taken together, our results provide new evidence 
for the anti-inflammatory effects of ouabain in vivo.
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BALF were detected by ELISA. (C) the infiltration of neutrophils in BALF was measured by flow cytometry. The values 
presented were mean ± SEM (n=6), * P<0.05.
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intraperitoneal injection three consecutive days (the group named OUB+LPS) or 1 h after LPS challenge (the group 
named LPS+OUB). Mice were treated with either PBS or LPS (5 mg/kg) through intranasal instillation for 6 h. 
(A, B) the levels of cytokines TNF-a and IL-6 in BALF were detected by ELISA. (C) the infiltration of neutrophils in BALF 
was measured by flow cytometry. The values presented were mean ±SEM (n=6), * P<0.05.
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