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Abstract
Ouabain is a cardiac steroid hormone with immunomodulatory effects. It inhibits neutrophils migration induced by differ-
ent stimuli, but little is known about the mechanisms involved in this effect. Thus, the aim of this study was to evaluate the 
ouabain effect on chemotactic signaling pathways in neutrophils. For that, mice neutrophils were isolated from bone marrow, 
treated with ouabain (1, 10, and 100 nM) for 2 h, submitted to transwell chemotaxis assay and flow cytometry analysis of 
Akt, ERK, JNK, and p38 phosphorylation induced by zymosan. Ouabain treatment (1, 10 and, 100 nM) reduces neutrophil 
chemotaxis induced by chemotactic peptide fMLP, but this substance did not inhibit Akt, ERK, and JNK activation induced 
by zymosan. However, ouabain (1 and 10 nM) reduced p38 phosphorylation in zymosan-stimulated neutrophils. These results 
suggest that ouabain may interfere in neutrophil migration through p38 MAPK inhibition.
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Introduction

Ouabain is a cardiac steroid hormone produced mainly by 
the adrenal gland, that modulates many immune system 
functions (Rodrigues-Mascarenhas et al. 2009), including 
the inflammatory response (Cavalcante-Silva et al. 2017). 
Our group has previously demonstrated that ouabain inhib-
its mice neutrophil migration induced by zymosan (Leite 
et al. 2015), ovalbumin (Galvão et al. 2017), Leishmania 
amazonensis (Jacob et al. 2013), and concanavalin A (de 
Vasconcelos et al. 2011). Other studies have also reported 
this activity in human neutrophils (Ray and Samanta 1997). 
The impairment of neutrophil migration by ouabain could be 
related to reduced CD18 expression, an integrin beta-2 chain 
(Cavalcante-Silva et al. 2020). Cardiotonic steroids inhibit 
 Na+/K+-ATPase (NKA) and alter cellular ion concentration. 
However, ouabain-NKA interaction, without pump inhibi-
tion, can also interfere with cellular signaling (e.g., MAPK 
pathway) (Cui and Xie 2017), modulating different cellular 

functions, such as cell proliferation (Aydemir-Koksoy et al. 
2001).

Neutrophils are polymorphonuclear leukocytes classi-
cally known to participate in inflammatory processes and 
play an important role in bacterial and fungal infections 
(Summers et al. 2010). However, neutrophils also partici-
pate in the tumor immune response (Mishalian et al. 2017; 
Ocana et al. 2017), the stimulation of adaptive immune 
responses (Minns et al. 2019), and also the resolution of 
inflammation (Jones et al. 2016) and healing (Phillipson 
and Kubes 2019). Despite their essential role in immune 
system homeostasis, neutrophils are also involved in the 
immunopathology of many inflammatory diseases, such as 
acute lung injury, chronic obstructive pulmonary disease, 
arthritis, and COVID-19 (Leliefeld et al. 2016; Juss et al. 
2016; Hellebrekers et al. 2018; Bautista-Becerril et al. 2021; 
Cavalcante-Silva et al. 2021; Parackova et al. 2021). These 
cells present a dysregulated migration or activation in these 
clinical conditions (Hidalgo et al. 2019).

Considering that ouabain can reduce neutrophil migration 
(Leite et al. 2015), but little is known about the molecular 
mechanisms involved in this effect, this work aimed to evalu-
ate the ouabain effect on cell signaling pathways related to 
neutrophil migration.
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Materials and methods

Animals

In this work, female Swiss albino mice (6–7 weeks) were 
acquired from the Federal University of Paraíba (UFPB, 
João Pessoa, Brazil). The mice were kept under standard 
laboratory conditions on a constant 12-h light/dark, food 
and water ad libitum, with cycle with controlled tempera-
ture (21 ± 1 °C). All procedures adopted in this study were 
approved by the Institutional Ethics Committee (proto-
col: 039/2015, date of approval of the animal study was 
10/05/2017).

Reagents

Ouabain was obtained from Sigma-Aldrich (O3125). The 
following antibodies were used: anti-CD16/CD32 (eBiosci-
ence), anti-Gr-1 (eBioscience), anti-TLR2 (eBioscience), 
anti-P-ERK1/2 (pT202/pY204) (BD Biosciences), anti-P-
p38 (pT180/pY182) (BD Biosciences), anti-P-Src (Y418) 
eBioscience, anti-Akt (pS473) (eBioscience). Transwell 
plates (CLS3421-48EA) were obtained from Sigma-Aldrich.

Transwell protocol

Neutrophils were isolated as previously described (Moc-
sai et al. 2003; Cavalcante-Silva et al. 2020). Neutrophil 
chemotaxis was assessed using a transwell system. The cell 
suspension (1.0 ×  106 neutrophils/well) ouabain-treated (1, 
10, and 100 nM) was placed in the upper compartment of 
the chamber, while a chemotaxis stimulus (fMLP, 100 nM) 
was placed in the lower compartment. These compartments 
were separated by polycarbonate membrane (5 μm pore size) 
and the chamber was incubated at 37 °C for 2 h. At the 
end of the incubation period, cell migration was determined 
by counting cell numbers in the lower compartment using 
a hemocytometer chamber. The migration index for each 
sample was calculated by the ratio of the cell number in the 
upper compartment in wells with fMLP and the cell number 
in medium-only wells (random spontaneous cell migration) 
(Lima et al. 2014).

Flow cytometry protocols

The neutrophils isolated from bone marrow were treated 
in vitro with ouabain (1, 10, and 100 nM) for 2 h and stimu-
lated or not with zymosan (100 µg/mL). In summary, the 
neutrophils were pre-incubated with anti-mouse CD16/
CD32 to block non-specific Fc-mediated interactions. 
Later, the cells were stained with anti-Gr-1 and anti-TLR2 

antibodies for 30 min at 4 °C. To intracellular staining, cells 
were fixed and permeabilized, then stained with anti-p-p38, 
p-ERK, p-JNK, p-Akt. The cells were then washed with cold 
PBS and resuspended in the same solution for flow cytome-
try analysis (10,000 events were acquired). The experiments 
were performed at least twice.

Statistical analysis

All data are expressed as the mean ± SD and were analyzed 
by GraphPad Prism 8.0 software using one-way analysis of 
variance (ANOVA) followed by Dunnett’s test. The results 
were considered statistically significant when p < 0.05. 
The flow cytometry data were analyzed using FlowJo 10 
software.

Results

Transwell assay demonstrated that fMLP peptide stimulation 
was able to induce neutrophil migration. Furthermore, oua-
bain treatment reduced fMLP-induced migration by 80.12% 
(1 nM), 76.24% (10 nM) and 56.36% (100 nM) (Fig. 1a). In 
contrast, ouabain treatment (1, 10, and 100 nM) did not mod-
ulate Akt activation induced by zymosan (Fig. 1b). Next, we 
assessed the effect of ouabain on MAPK signaling activation 
induced by zymosan. Ouabain did not interfere with ERK 
and JNK phosphory-lation (Fig. 1c, d). However, ouabain 
reduced p38 phosphorylation level by 39.41% (1 nM) and 
60.64% (10 nM) (Fig. 1e). It is noteworthy that ouabain 
(1, 10, and 100 nM) did not change the basal phosphoryla-
tion levels of assessed targets (Fig. 1.b–e) in the absence of 
zymosan and this effect is independent of reduced zymosan 
receptor (TLR2) expression (Fig. 1f).

Discussion

The neutrophil is one of the cells recruited to tissues dur-
ing an inflammatory response. The classic cell recruitment 
generally follows a stepwise model, including tethering, roll-
ing, adhesion, crawling, and transmigration step (Kolacz-
kowska and Kubes 2013; Liew and Kubes 2019). A previous 
study showed that ouabain could interfere with the adhe-
sion step since it reduces CD18 adhesion molecule expres-
sion (Cavalcante-Silva et al. 2020). In the transwell model, 
cells added in the upper compartment can migrate through 
a porous membrane to the lower chamber due to a chemot-
actic gradient. This approach resembles the transmigration 
of cells from blood vessels to extravascular tissue. In this 
assay, fMLP peptide stimulation was able to induce neu-
trophil migration. Furthermore, ouabain treatment reduced 
fMLP-induced transmigration/chemotaxis. This result is in 
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Fig. 1  Ouabain effect on 
mice neutrophil. a Ouabain 
reduces neutrophil transmigra-
tion towards fMLP gradient 
(100 nM). b Ouabain effect on 
Akt kinase. c–e Ouabain effect 
on MAPK proteins. f Ouabain 
effect on TLR2. *p < 0.05 vs 
control; #p < 0.05 vs fMLP or 
zymosan. b–e Frequencies of 
phosphorylated proteins in neu-
trophil normalized by control 
and expressed as mean ± SD 
(a.u., arbitrary unit), (n = 4–5)
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agreement with in vivo studies in which ouabain reduced 
neutrophil migration induced by zymosan (Leite et al. 2015). 
Ouabain also impairs the migration of other immune system 
cells, such as lymphocytes and eosinophils (Galvão et al. 
2017), and different tumor cell lines (Pongrakhananon et al. 
2013; Shih et al. 2017).

Since ouabain induces cell signaling pathways through 
NKA interaction (Cui and Xie 2017), we decide to evaluate 
if ouabain could interfere in intracellular signaling related to 
neutrophil recruitment (Mócsai et al. 2015). We previously 
observed a pronounced ouabain inhibitory effect in inflam-
matory parameters induced by zymosan in vivo (e.g., reduc-
tion of paw edema, permeability vascular, cytokine produc-
tion, and cell migration). Thus, to assess the ouabain effect 
on neutrophil signaling, we use zymosan as the stimulus. 
Ouabain treatment did not modulate Akt activation induced 
by zymosan, a kinase that plays an important role in cell 
migration, regulating cytoskeletal organization during cell 
migration (Zhang et al. 2013). In contrast, Pongrakhananon 
and coworkers showed that suppression of the migration of 
lung cancer cells induced by ouabain seems to involve the 
reduction of Akt activation (Pongrakhananon et al. 2013). 
In the cancer cells study, ouabain was used in the picomo-
lar range, which could justify, at least in part, the different 
results observed in neutrophils.

Additionally, it was observed that ouabain did not inter-
fere with JNK and ERK phosphorylation. Different results 
were reported to ERK modulation by ouabain (Rodrigues-
Mascarenhas et al. 2009; De Sá Lima et al. 2013; Kinoshita 
et al. 2017), which may be related to cell type, the affinity of 
the NKA subunits for the ouabain and species cells, besides 
differences in experimental protocols.

The p38 MAPK signaling mediates neutrophils chemo-
taxis towards a chemoattractant gradient (Liew and Kubes 
2019). We observed that ouabain reduced p38 phosphoryla-
tion in neutrophils and this effect is independent of reduced 
TLR2 expression. In thymocytes, it was also demonstrated 
that ouabain inhibits p-p38 (Rodrigues-Mascarenhas et al. 
2008). Wang et al. 2018 also observed a negative regulatory 
effect of ouabain p38 expression in lung homogenates.

The cell sensitivity to ouabain various concentrations is 
variable, depending on the cell type, alpha subunit of the 
sodium pump, cell activation status, etc. A wide concentra-
tion range, from pM to mM, has been studied in various 
experimental models. In some cells, ouabain in the pico-
molar range triggers different biological effects. The signal 
transduction mechanism triggered by ouabain low concen-
trations does not appear to alter the cell ionic concentra-
tion (Cui and Xie 2017). Thus, we can hypothesize that, 
in neutrophils, ouabain 100 nM partially inhibits sodium 
pump and does not trigger p38 MAPK signaling directly. 
In agreement with other works that show ouabain biologi-
cal effect in other models in low concentrations/doses (De 

Rezende Corrêa et al. 2005; Salles von-Held-Ventura et al. 
2016). However, an experimental approach needs to be done 
to answer this hypothesis.

In neutrophils, the p38 MAPK-dependent pathway can 
regulate surface receptor expression, including adhesion 
molecules (Kim and Haynes 2013). Thus, this could be 
related to the ouabain inhibitory effect on neutrophil chem-
otaxis. However, more studies are necessary to assess this 
hypothesis and to investigate other mechanisms. In sum-
mary, this study suggests a new mode of action of this hor-
mone in immune cells to regulate inflammation and high-
lights immune-endocrine interactions.
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