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Background
Acute respiratory distress syndrome (ARDS) is a life-threating condition and a frequent 
cause of morbidity and mortality in patients admitted to intensive care units [1, 2]. The 
current treatment strategies focus on lung-protective ventilation and conservative fluid 
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Background:  Senicapoc is a potent and selective blocker of KCa3.1, a calcium-
activated potassium channel of intermediate conductance. In the present study, we 
investigated whether there is a beneficial effect of senicapoc in a large animal model of 
acute respiratory distress syndrome (ARDS). The primary end point was the PaO2/FiO2 
ratio.

Methods:  ARDS was induced in female pigs (42–49 kg) by repeated lung lavages 
followed by injurious mechanical ventilation. Animals were then randomly assigned to 
vehicle (n = 9) or intravenous senicapoc (10 mg, n = 9) and received lung-protective 
ventilation for 6 h.

Results:  Final senicapoc plasma concentrations were 67 ± 18 nM (n = 9). Senicapoc 
failed to change the primary endpoint PaO2/FiO2 ratio (senicapoc, 133 ± 23 mmHg; 
vehicle, 149 ± 68 mmHg). Lung compliance remained similar in the two groups. Seni‑
capoc reduced the level of white blood cells and neutrophils, while the proinflamma‑
tory cytokines TNFα, IL-1β, and IL-6 in the bronchoalveolar lavage fluid were unaltered 
6 h after induction of the lung injury. Senicapoc-treatment reduced the level of neu‑
trophils in the alveolar space but with no difference between groups in the cumulative 
lung injury score. Histological analysis of pulmonary hemorrhage indicated a positive 
effect of senicapoc on alveolar–capillary barrier function, but this was not supported 
by measurements of albumin content and total protein in the bronchoalveolar lavage 
fluid.

Conclusions:  In summary, senicapoc failed to improve the primary endpoint PaO2/
FiO2 ratio, but reduced pulmonary hemorrhage and the influx of neutrophils into the 
lung. These findings open the perspective that blocking KCa3.1 channels is a potential 
treatment to reduce alveolar neutrophil accumulation and improve long-term out‑
come in ARDS.
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therapy [3]. Despite recent promising treatments for ARDS including dexamethasone 
and recombinant angiotensin converting enzyme 2 (ACE2) [4, 5], therapies directly tar-
geting the underlying pathophysiology have to be developed [6].

Preclinical studies suggest that ion channels situated in the endothelial and epithelial 
cell layers of the lung play a crucial role in activation of an inflammatory response and 
fluid transport across the alveolar–capillary barrier [7–10]. The calcium-activated potas-
sium channels of intermediate conductance (KCa3.1) are ion channels highly expressed 
in the epithelium and white blood cells [11–13]. We and others have identified the 
KCa3.1 channel as a key regulator of fluid transport and inflammatory processes [14–
18]. Upon lung injury, these effects are believed to be due to (1) KCa3.1’s active role in 
maintaining a sufficiently negative membrane potential to drive chloride efflux and con-
comitant water into the alveoli and (2) controlling calcium signaling pathways related to 
leucocyte recruitment and the production of inflammatory chemokines and cytokines. 
These data suggest that blocking KCa3.1 activity could be a potential therapeutic strat-
egy to treat ARDS.

Senicapoc (ICA-17043) is a potent blocker of KCa3.1 channels that was found to be 
safe and well-tolerated when advanced to a phase-3 clinical trial for sickle cell anemia 
[19–23]. In an effort to repurpose senicapoc for treatment of ARDS, we tested if seni-
capoc treatment could prevent the development of ventilator-induced lung injury in 
mice [24]. We found that a single dose of senicapoc improved gas exchange measured 
as PaO2/FiO2 ratio, improved lung compliance, diminished the pulmonary inflammatory 
response (e.g., reduced neutrophil recruitment and pro-inflammatory cytokine release) 
and protected against changes in the alveolar–capillary barrier permeability.

The need for repeated blood sampling and advanced mechanical ventilation can limit 
smaller animal models of ARDS. In comparison, a larger animal like pig holds several 
advantages [25]. Pigs are more similar to humans in terms of physiology and anatomy 
and makes continues measurements of systemic/pulmonary hemodynamics possible. In 
order to further advance our findings, we tested the efficacy of senicapoc in a porcine 
model of ARDS.

Methods
Animal preparation

Three-months-old female crossbred Landrace/Yorkshire/Duroc pigs (42–49  kg) 
were used for the study. Only female pigs were included as it is more difficult to place the 
urinary catheters on male animals, without introducing a surgical insult. The effects of 
hormones are considered minimal, as the animals are adolescents at this age.

Animals were fasted overnight with free access to water. In the morning, the animal 
was premedicated with an intramuscular injection of midazolam (1  mg/kg). Before 
placement of the IV access, an additional dose of midazolam (0.625 mg/kg), s-ketamine 
(6.25 mg/kg), and atropine (0.5 mg) was given intramuscularly. Anesthesia was induced 
with IV midazolam (25 mg) and s-ketamine (250 mg) and maintained with a continuous 
infusion of fentanyl (60 μg/kg/h) and propofol (5 mg/kg/h). No neuromuscular blocking 
agent was used. The animals were placed in a supine position, intubated (8.0 mm, Por-
tex tube, Smiths Medical International, Hoersholm, Denmark) and volume-controlled 
ventilated (Evita XL, Dräger, Germany) with a tidal volume (Vt) of 10 mL/kg, a positive 
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end-expiratory pressure (PEEP) of 5 cmH2O, a fraction of inspired oxygen (FiO2) of 0.4, 
and an inspiration:expiration (I:E) ratio of 1:2. The ventilation rate was adjusted to main-
tain PaCO2 between 5.5 and 6 kPa. For fluid therapy, a bolus of Ringer’s acetate (20 mL/
kg) was given to the animals after placement of the IV access, followed by a maintenance 
rate of 15 mL/kg/h for the remainder of the experimental protocol. Low blood glucose 
(< 3.5 mmol/L) was treated with doses of glucose IV (500 mg/L) until normoglycemia 
was achieved.

Surgical preparation and monitoring

A urinary catheter was placed in order to measure urine output. Next, sheaths were 
inserted by ultrasound into the external jugular vein and femoral artery (10F and 8F, 
respectively). A Swan-Ganz catheter (7.5F, Edwards Lifesciences, CA, USA) was inserted 
through the external jugular vein to monitor cardiac output, mean pulmonary arterial 
pressure (MPAP), central venous pressure, mixed venous oxygen saturation, and core 
temperature (Vigilance Monitor, Edwards Lifesciences, CA, USA). The following param-
eters were also monitored throughout the experiment: ECG, heart rate, mean arterial 
pressure (MAP), and arterial oxygen saturation.

All animals were allowed to stabilize for 30  min between the surgical preparation 
and experimental protocol. A priori determined exclusion criteria at baseline were: 
MAP < 45 mmHg, MPAP > 25 mmHg, PaO2 < 18 kPa, lactate concentration > 3 mmol/L.

Experimental protocol

After baseline physiological measurements, a two-hit lung injury encompassing repeated 
lung lavages and injurious mechanical ventilation was initiated (Fig. 1). This two-hit lung 
injury was developed to capture several features of human ARDS and aimed to fulfill 
the requirements listed by the American Thoracic Society [26]. Surfactant depletion by 
repeated lavages is known to cause severe hypoxemia (PaO2/FiO2 < 100 mmHg) and to 
decrease lung compliance. Repeated lavages, however, can be ineffective at producing 
injury to the alveolar–capillary barrier and cause neutrophilic infiltration into the lung 
[27]. Therefore, injurious mechanical ventilation was added as a secondary insult. Col-
lectively, this induces a diffuse type of ARDS [28, 29].

FiO2 was increased to 1.0 and repeated lung lavages were applied. During each lav-
age, the lungs were filled with warm isotonic saline (37 °C, 30 mL/kg). Fluid was drained 

Fig. 1  Schematic overview of the study design
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passively after 3 min of apnea or until MAP fell below 60  mmHg. Hereafter, the ani-
mal was reconnected to the ventilator and allowed to compensate (increase in MAP and 
oxygen saturation). Time between re-lavages did not exceed five minutes. Lung lavages 
were repeated until a PaO2/FiO2 < 100 mmHg was achieved. Then injurious mechanical 
ventilation using a peak inspiratory pressure (PIP) of 45 cmH2O, PEEP of 4 cmH2O and 
I:E of 1:1 were commenced. The respiratory rate was adjusted in an effort to maintain 
normocapnia. The injurious ventilation was continued until a PaO2/FiO2 of < 100 mmHg 
was achieved again. Animals requiring more than 4 h of injurious mechanical ventilation 
were excluded from the study.

Animals were randomized into two groups: (1) 10 mg senicapoc or (2) vehicle. Dosing 
was based on a previous senicapoc dose-escalation study [20, 21]. The primary investiga-
tors assessing all outcomes were blinded to group assignments. Thus, a neutral person 
from the technical staff was responsible for the randomization. The person drew a ran-
dom note from a sealed non-opaque envelope. These notes were labeled either with the 
number “1” or “2”, corresponding to senicapoc or vehicle, respectively. Depending on the 
number drawn, solutions were prepared in a room away from the experimental site and 
containers of identical appearance were used. The total volume of the bolus was 12 mL 
and treatments were given IV over 15 min. A 0.1 M stock solution of senicapoc (Med-
ChemExpress, Sweden) was prepared with DMSO and separated into aliquots. These 
were stored at − 80  °C. On each day of experimentation, one aliquot was diluted to a 
final concentration of 2.5% DMSO, 5% Cremophor EL and 92.5% saline. The same solu-
tion without senicapoc was used as vehicle. Concurrently with the start of infusion, a 
lung protective ventilatory protocol using BiPAP mode was initiated in order to achieve 
a defined oxygenation goal of a PaO2 between 8 and 10  kPa. Incremental FiO2/PEEP 
combinations were used for this purpose (see Additional file 5: Table S1) and the initial 
setting was a peak inspiratory pressure of 35 cmH2O, PEEP of 18 cmH2O, and I:E of 1:2. 
The respiratory rate was adjusted to maintain normocapnia, however, due the severity 
of the insult and ventilating the pigs within the limits of lung protective ventilation, the 
pigs developed hypercapnia. The driving pressure (= PIP minus PEEP) was set to be 17 
cmH2O (i.e., if PEEP was reduced, PIP was also reduced to keep a constant driving pres-
sure). Though this is higher than the recommended [30], pilots showed that this was 
necessary to keep the animals alive. Furthermore, pilot studies indicated that the protec-
tive ventilation remained close to the recommended Vt of 6 mL/kg. The lung protective 
ventilation was maintained and adjusted for 6 h. In this time period, blood gas analysis 
was performed every half-hour (ABL90 Flex Plus, Radiometer Medical, Denmark). Arte-
rial blood samples were collected at every hour in the lung-protective ventilatory period. 
At the same time, dynamic (= Vt/PIP − PEEP) and static (= Vt/plateau pressure − PEEP) 
compliance were measured. Serum and plasma were isolated and stored at − 80 °C. Leu-
cocyte count in the blood was obtained using an automated cell counter (Procyte Dx, 
Idexx, USA). At the end of the study, bronchoalveolar lavage (BAL) was performed and 
representative tissue samples were collected.

BAL

Tracheostomy was performed by visual guidance, through which a fiberoptic bron-
choscope (Olympus Medical Systems Corp, Japan) was advanced into the right lower 
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lobe. Here, 60 mL of 37 °C saline was instilled over 15 s and immediately withdrawn. 
To calculate recovery, the total volume of the BAL fluid (BALF) was summed and the 
last 5 mL was analyzed on a cell counter. The remaining volume of the 5 mL was spun 
at 1000 g for 15 min at 4 °C and the supernatant was stored at − 80 °C.

Vascular permeability

In order to examine protein permeability of the alveolar–capillary barrier, the total 
supernatant protein concentration of the BALF was determined spectrophotometri-
cally (NanoDrop OneC, Thermo Scientific, USA). Furthermore, the concentration of 
albumin, a high molecular weight plasma protein, was measured with a commercially 
available assay kit (Sigma-Aldrich, USA). From this, the BALF/plasma albumin ratio 
was calculated. Detection limit of the albumin assay was 0.1 mg/mL.

Cytokine analysis

Concentrations of inflammatory cytokines (IL-1β, IL-6, IL-8, IL-10 and TNF-α) in the 
BALF and plasma were measured in duplicates with a multiplex assay (Procarta® Por-
cine Cytokine Assay Kit; Panomics, USA), according to the manufacturer’s instruc-
tions and as previously reported [31, 32]. Detection limits (pg/mL) were IL-1β (398), 
IL-10 (586), IL-6 (419), IL-8 (1606) and TNF-α (419).

Histology

After finishing the BAL procedure, the thorax was opened and representative samples 
of the left lung lobes (top, middle and lower) were collected for histological analy-
sis. Lung biopsies were collected from the left lung in order to avoid the influence 
of saline coming from the BAL procedure. The tissue specimens were immersed in 
10% formalin for 48  h. Fixed lungs were embedded in paraffin, sectioned at 5-µm 
thickness, and stained with hematoxylin and eosin. At least 20 images per slide were 
obtained (EVOS M5000, Invitrogen), and histological assessment of the lung injury 
was performed on these. For scoring, the following parameters were considered 
for each image: (A) neutrophils in the alveolar space (none = score 0, 1–5 = score 
1, > 5 = score 2); (B) neutrophils in the interstitial space (none = score 0, 1–5 = score 
1, > 5 = score 2); (C) hyaline membranes (none = score 0, 1 = score 1, > 1 = score 2); 
(D) proteinaceous debris filling the airspaces (none = score 0, 1 = score 1, > 1 = score 
2), and (E) alveolar septal thickening (< 2x = score 0, 2x − 4x = score 1, > 4x = score 2) 
[26]. Each independent variable was summed, weighted according to their relevance, 
and normalized to the number of fields ([(20 × A) + (14 × B) + (7 × C) + (7 × D) + (2 
× E)]/number of fields × 100). The lung sections were examined for perivascular cuffs 
as a measure of liquid accumulation [14]. Measurement of hemorrhage in histological 
lung sections was assessed separately and performed as previously described [14]. In 
brief, areas containing aggregation of red blood cells in interstitial and alveolar space 
were measured using the image analysis software (ImageJ, NIH, Bethesda, MD, USA). 
All histological assessments were performed in a blinded fashion.
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Senicapoc plasma concentrations

A rapid, sensitive liquid chromatography-tandem mass spectrometry (LC–MS/MS) 
method was developed and validated for the quantification of total senicapoc plasma 
concentrations [33]. In brief, crude extracts were obtained and cleaned with metha-
nol. Extracts were injected onto a Kinetex Biphenyl UHPLC column (1.7 μm, 2.1 mm 
I.D. × 100  mm) (Phenomenex, CA), and followed by analysis using a Sciex QTRAP 
6500 + mass spectrometer with a TurboIonSpray probe for electrospray ionization. 
The lower limits of quantification were 0.1 µg/L.

Statistical analysis

Data are presented as mean ± standard deviation (SD). Normality of data were inves-
tigated by inspecting Q–Q plots and data were logarithmically transformed when 
necessary in order to generate a Gaussian-distributed data set. Pairwise comparisons 
were done using Student’s t-tests. For continuous variables, a repeated-measurements 
ANOVA was used to analyze data for time/drug-dependent and between-group dif-
ferences. A P < 0.05 was considered statistically significant. All statistical analyses 
were performed using GraphPad Prism 8 software (GraphPad Software, CA).

Nine animals were included in each group. This number was based on sample size 
calculations on the primary endpoint (PaO2/FiO2) from a separate pilot study (PaO2/
FiO2: senicapoc: 140 ± 17, vehicle: 102 ± 17, n = 2 for both groups). A significance 
level of 5% and a power of 80% was assumed.

Results
A total of 31 animals were included into the study. Thirteen animals were excluded 
according to the predefined protocol: four due to a high MPAP at baseline, four devel-
oped pneumothorax during injurious mechanical ventilation, and five exceeded the 
maximum 4  h of injurious mechanical ventilation. The remaining 18 animals were 
distributed as follows: senicapoc (n = 9), vehicle (n = 9). A single animal treated with 
senicapoc died from hypoxemia 15 min into the lung-protective ventilation protocol. 
No data from this animal were included in the analysis below. No differences were 
observed in body weight, number of lavages, duration of lavages and duration of inju-
rious mechanical ventilation (Additional file 1: Fig. S1A–D).

Hemodynamic and metabolic parameters

Changes in the main hemodynamic and metabolic parameters are shown in Addi-
tional file  6: Table  S2. No differences between groups existed at baseline. In both 
groups, heart rate increased steadily over time and stabilized around 120 beats per 
minute. An initial peak in MAP after infusion of senicapoc or vehicle (MAP1hr: 
senicapoc, 105 ± 29  mmHg; vehicle, 96 ± 19  mmHg) was followed by decrease over 
time (MAP6hr: senicapoc, 69 ± 18  mmHg; vehicle, 68 ± 9  mmHg). MPAP increased 
two-fold after the two-hit lung injury and remained stable after this (MPAPbaseline: 
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Fig. 2  Administration of senicapoc did not improve lung function or respiratory mechanics. a PaO2/FiO2 
ratio, b tidal volume, c static compliance and d PEEP. Data are presented as mean ± SD. Vehicle, n = 9 and 
senicapoc, n = 8. VILI, ventilator-induced lung injury
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senicapoc, 15 ± 2 mmHg; vehicle, 17 ± 5 mmHg / MPAP6hr: senicapoc, 29 ± 4 mmHg; 
vehicle, 29 ± 7  mmHg). No major changes were observed in cardiac output, blood 
glucose or lactate (Additional file 2: Fig. 2).

Gas exchange and respiratory mechanics

The two-hit lung injury model markedly changed gas exchange and respiratory mechan-
ics. As can be seen from Fig.  2a, PaO2/FiO2 ratio decreased from baseline during 
repeated lavages and injurious mechanical ventilation followed by a slow increase dur-
ing the lung-protective ventilation. We observed no improvements in the final PaO2/
FiO2 ratio when animals treated with senicapoc were compared to the vehicle group 
(senicapoc, 133 ± 23 mmHg; vehicle, 149 ± 68 mmHg; P = 0.93). Tidal volume and lung 
compliance (both static and dynamic) were also drastically reduced post-injury, yet no 
differences were found between the two experimental groups (Fig. 2b and c / Additional 
file 7: Table S3). PEEP, respiratory rate, minute volume and  PIP were also unaffected by 
senicapoc-treatment (Fig. 2d / Additional file 7: Table S3).

Albumin, inflammatory cells and cytokines in BALF

Alteration in lung vascular and epithelial permeability was assessed by measuring the 
albumin concentration in the BALF. No significant reduction in albumin content was 
found compared with vehicle (Fig.  3a). This finding was supported by the total BALF 
protein concentrations as it remained unaffected by senicapoc treatment (Fig. 3b). When 
the BALF/plasma albumin ratio was calculated, no difference was found (Fig. 3c).

Systemic white blood cells and the measured subtypes increased over time with no 
differences between the groups (Additional file  3: Fig. S3  /  Fig.  4a–c). In BALF a sig-
nificantly lower number of white blood cells and neutrophils (P < 0.05 for both variables) 
were found in animals treated with senicapoc compared to vehicle (Fig. 4d, e). Lympho-
cytes in BALF showed no statistical difference when compared between the two groups 
(Fig. 4f ).
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Levels of proinflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α) and anti-
inflammatory cytokines (IL-10) in BALF and plasma are shown in Additional file 3: 
Fig. S3. A single dose of senicapoc was unable to change the cytokines levels meas-
ured in this study.

Histological evaluation of lung injury

Representative pictures of lung histology from senicapoc and vehicle-treated ani-
mals can be seen in Fig. 5a and b. Analysis revealed heavy infiltration of neutrophils 
into the alveolar space and the score was significantly lower for the senicapoc group 
(P < 0.05) (Fig. 5c). No change was observed for neutrophils in the interstitial spaces 
(Fig.  5d). Furthermore, prominent structural changes were visible with formation 
of hyaline membranes, signs of proteinaceous debris and alveolar septal thickening, 
but scoring remained insignificant between the two groups (Fig.  5e–g). Despite the 
reduced alveolar neutrophil level, the cumulative lung injury score of the senicapoc 
group was insignificant from the vehicle-treated animals (P = 0.08) (Fig. 5h). Exami-
nation of the lung sections from both experimental groups did not show perivascu-
lar cuffs as indication for liquid accumulation. Interstitial and alveolar hemorrhage 
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was observed in both groups, but to a lesser extent in animals treated with senicapoc 
(P < 0.05) (Fig. 6a–c).

Senicapoc plasma concentrations

Time course of senicapoc plasma concentration changes can be seen in Additional 
file 4: Figure S4. After 6 h of lung protective ventilation, a final mean concentration 
of 67 ± 18 nM (n = 8) was reached. The EC50 of senicapoc for the KCa3.1 channel is 
11 nM [23, 34]. Therefore, these findings suggest that 10 mg senicapoc IV blocked 
the KCa3.1 channels 100% throughout the 6-h study period. All measurements on 
plasma from the vehicle group were below detection limit.
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Fig. 5  Senicapoc lowers alveolar neutrophil count, but it does not reduce lung injury score. Representative 
picture of a vehicle and b senicapoc. Individual scores of c neutrophils in the alveolar space, d neutrophils 
in the interstitial space, e hyaline membranes, f proteinaceous debris and g alveolar septal thickening, h 
cumulative lung injury score. Data are presented as mean ± SD. *P < 0.05 for senicapoc against vehicle. 
Vehicle, n = 9 and senicapoc, n = 8. The scale in picture A and B indicates 50 µm
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Discussion
In the present study, we investigated whether senicapoc, a potent channel blocker of 
KCa3.1 channels, mitigates the harmful features of ARDS in a porcine animal model. To 
this aim, we used a two-hit lung injury model combining repeated lung lavages and inju-
rious mechanical ventilation. A single senicapoc dose given IV was unable to improve 
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Fig. 6  Senicapoc reduces histological pulmonary hemorrhage. Representative picture of a vehicle and b 
senicapoc. c Summary of interstitial and alveolar hemorrhage. Hemorrhage is indicated by black arrows. Note 
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the primary endpoint PaO2/FiO2 or the secondary endpoints, including alveolar–capil-
lary barrier function, pulmonary inflammation, and overall lung injury score. However, 
the number of neutrophils in the BALF from animals treated with senicapoc was found 
to be significantly reduced and this was supported by the histological analysis. Also, pul-
monary hemorrhage was diminished by senicapoc.

In our previous study using a murine model of ventilator-induced lung injury, seni-
capoc given by intraperitoneal injection was able to improve oxygenation measured as 
PaO2/FiO2 [24]. Conversely, we were unable to show a beneficial effect of senicapoc in 
the current study. This difference may be ascribed to the different animal models used, 
e.g., in contrast to the mice model no perivascular cuffs were observed in the porcine 
ARDS model in the present study. As human ARDS often have a multifactorial origin, 
a two-hit lung injury model is probably more reflective of the clinical situation where a 
single inciting stimulus can fail to capture the complex pathobiology seen in patients [26, 
35]. Therefore, the porcine ARDS model can be a valuable translational model for drug 
evaluation, as an addition to rodent studies, before entering clinical trials, although one 
might also argue that the severity of lung injury produced was too severe for treatment 
and recovery.

Neutrophilic infiltration is a hallmark of human ARDS and a central driver for the 
inflammatory response [36–38]. Neutrophils have been found to constitute 68% of 
recovered lavage cells in ARDS patients [39]. Moreover, the neutrophil level in the lung 
correlates directly to the severity of abnormalities in gas exchange and the alveolar–cap-
illary barrier and mortality from ARDS correlates with the extent of neutrophilia in the 
lung [38]. We have previously demonstrated that KCa3.1 inhibition by senicapoc was 
able to reduce the level of neutrophils in the BALF [24]. In the present study, our results 
agree with these findings as a significantly reduced number of neutrophils were observed 
in the BALF of senicapoc-treated animals. This was supported by a significant reduction 
in neutrophils in the alveolar space. As no differences in cytokine levels were found, the 
reduction may be related to KCa3.1’s role in cell migration [40]. KCa3.1 inhibition has 
been reported to drastically affect chemotactic and chemokinetic properties of mam-
malian neutrophils by impairing cell volume regulation [18]. These processes may be 
modulated by KCa3.1’s ability to regulate calcium entry. This will predominately affect 
calcium release-activated calcium (CRAC) channels, a protein important for activation 
of β2‐integrins and cytoskeletal rearrangement leading to polarization and migration 
in neutrophils [41, 42]. Although neutrophils are a vital part of the innate immune sys-
tem where insufficient recruitment can lead to life-threatening infections, for example 
during bacterial pneumonia [43], the present findings suggest that senicapoc by inhibi-
tion of neutrophil migration may improve outcome of ARDS. Long-term studies will be 
required to investigate this effect.

As persistent elevation of inflammatory cytokines in the BALF of ARDS patients predicts 
a poorer outcome [44], therapeutic strategies targeting the inflammatory response could 
be an area of interest. Administration of senicapoc has previously been shown to reduce 
neuroinflammation as demonstrated by a downregulated production of pro-inflammatory 
mediators like TNF-α, IL-1β and IL-6 in isolated microglia cells [45–47]. In line with these 
findings, we observed a suppressed pulmonary inflammation in the lungs off senicapoc-
treated mice following ventilator-induced lung injury with a reduction in IL-6, TNF-α, and 
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the murine orthologs of IL-8 (KC and MIP-2) [24]. The present model did not show any 
effect on cytokine levels in either the BALF or plasma. This might question whether 6 h is 
enough to produce a cytokine response, though the marked increases in plasma leucocytes 
suggests otherwise. Furthermore, a study using a similar animal model also indicated early 
inflammation within four hours of observation [28].

In the initial exudative phase of ARDS, diffuse alveolar damage is a histological hall-
mark that is characterized by accumulation of white blood cells (predominantly neutro-
phils), hyaline membranes, and hemorrhage [48]. While diffuse alveolar damage can only 
be examined through postmortem biopsies, its presence has been associated with a higher 
mortality in ARDS patients [49]. The two-hit lung injury model presented several features 
of diffuse ARDS which was summarized in the applied histological injury scoring system. 
Here, we found no difference in the cumulative lung injury score. A separate histological 
analysis revealed a reduction of interstitial and alveolar hemorrhage by senicapoc; a finding 
in agreement with previous studies showing knockout of KCa3.1 channels protects against 
hemorrhage after TRPV4 activation [14]. This may indicate an effect of senicapoc on the 
permeability of the alveolar–capillary barrier, despite no observed perivascular cuffs and 
change in albumin concentrations.

Limitations

One major limitation of this study is the short observation period of 6 h. This does not 
mimic the clinical scenario where ARDS patients admitted to the intensive care units gen-
erally require hospitalization for several weeks, depending on severity [1]. A longer obser-
vation period may have been beneficial for the present study’s primary endpoint. This is 
primarily because the resolution of the lung injury may have improved further in the seni-
capoc group due to a significantly lower neutrophil count in the BALF. Furthermore, the 
specific mechanism by which KCa3.1 plays a role in neutrophil migration remains to be 
elucidated, although this was not the primary scope of the present study. Further investiga-
tions on the effects of senicapoc should be investigated in animal models where the insult 
directly involves an augmented neutrophilic inflammatory response (e.g., endotoxin or live 
bacteria) or using a long-term ARDS animal model.

The lack of perivascular cuffs might indicate a lack of edema formation after injury. 
Though other parameters like hemorrhage and increased BALF albumin concentrations 
suggest changes to the permeability of the alveolar–capillary barrier, this is a limitation of 
the present model.

A positive effect of senicapoc on the permeability of the alveolar–capillary barrier was 
indicated by the hemorrhage analysis. The use of a transpulmonary thermodilution device 
would allow the measurements of pulmonary vascular permeability index and extracellular 
lung water where the latter is associated with ventilation/perfusion mismatch and pulmo-
nary shunts [50]. Application of transpulmonary thermodilution would have helped to rein-
force the results of the present study.

Conclusion
In conclusion, there were no improvements in the primary endpoint PaO2/FiO2 with 
10  mg senicapoc in a porcine animal model of ARDS. Our results support an impor-
tant role of KCa3.1 in neutrophil migration. As the neutrophil level in the lung is an 
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important determinant for the mortality of ARDS patients, senicapoc may have a future 
place in the treatment of these patients.

Abbreviations
ARDS: Acute respiratory distress syndrome; BAL: Bronchoalveolar lavage; BALF: Bronchoalveolar lavage fluid; I:E: Inspira‑
tory–expiratory ratio; IV: Intravenous; KCa3.1: Calcium-activated potassium channels of intermediate conductance; MAP: 
Mean arterial pressure; MPAP: Mean pulmonary arterial pressure; PaO2/FiO2: Partial pressure of arterial oxygen to fraction 
of inspired oxygen ratio; PEEP: Positive end-expiratory pressure.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40635-​021-​00381-z.

Additional file  1. 

Additional file 2. 

Additional file 3. 

Additional file 4. 

Additional file 5. 

Additional file 6. 

Additional file  7. 

Acknowledgements
The authors thank Lambert K. Sørensen for the help with the LC–MS/MS analysis.

Authors’ contributions
AGP, AG and US designed the study. AGP, PCL and AG conducted the animal model setup and pilot studies. AGP, PCL, 
ASBJ and MAE performed the animal experiments. AGP analyzed and interpreted the data. AGP prepared the manu‑
script. All authors read and approved the final manuscript.

Authors information
1Department of Biomedicine, Pulmonary and Cardiovascular Pharmacology, Aarhus University, Aarhus, Denmark.

Funding
This work was conducted with funding from the Augustinus Foundation (19-1077) and the Aase and Ejnar Danielsens 
Foundation (19-10-0134).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable 
request.

Ethics approval and consent to participate
The study was approved by the Danish Animal Welfare Authorities (permission no. 2019-15-0201-00208).

Consent for publication
Not applicable.

Competing interests
AGP, PCL, AG and US are inventors on a patent owned by Aarhus University claiming the use of senicapoc for ARDS 
caused by COVID-19 infection.

Author details
1 Department of Biomedicine, Aarhus University, Aarhus, Denmark. 2 Department of Clinical Medicine, Anesthesiol‑
ogy, Aarhus University Hospital, Aarhus, Denmark. 3 Department of Intensive Care, Aarhus University Hospital, Palle 
Juul‑Jensens Boulevard 99 G304, 8200 Aarhus, Denmark. 

Received: 23 November 2020   Accepted: 3 March 2021

References
	1.	 Bellani G, Laffey JG, Pham T et al (2016) Epidemiology, patterns of care, and mortality for patients with acute respira‑

tory distress syndrome in intensive care units in 50 countries. JAMA 315:788. https://​doi.​org/​10.​1001/​jama.​2016.​
0291

	2.	 Ranieri VM, Rubenfeld GD, Thompson BT et al (2012) Acute respiratory distress syndrome: the Berlin definition. 
JAMA 307:2526–2533. https://​doi.​org/​10.​1001/​jama.​2012.​5669

https://doi.org/10.1186/s40635-021-00381-z
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2012.5669


Page 15 of 16Petersen et al. ICMx            (2021) 9:20 	

	3.	 Brower RG, Matthay MA, Morris A et al (2001) Ventilation with lower tidal volumes as compared with traditional 
tidal volumes for acute lung injury and the acute respiratory distress syndrome. Surv Anesthesiol 342:1301–
1308. https://​doi.​org/​10.​1097/​00132​586-​20010​2000-​00017

	4.	 Villar J, Ferrando C, Martínez D et al (2020) Dexamethasone treatment for the acute respiratory distress syn‑
drome: a multicentre, randomised controlled trial. Lancet Respir Med 8:267–276. https://​doi.​org/​10.​1016/​S2213-​
2600(19)​30417-5

	5.	 Khan A, Benthin C, Zeno B et al (2017) A pilot clinical trial of recombinant human angiotensin-converting 
enzyme 2 in acute respiratory distress syndrome. Crit Care 21:1–9. https://​doi.​org/​10.​1186/​s13054-​017-​1823-x

	6.	 Duggal A, Ganapathy A, Ratnapalan M, Adhikari NKJ (2015) Pharmacological treatments for acute respiratory 
distress syndrome: systematic review. Minerva Anestesiol 81:567–588. https://​doi.​org/​10.​1097/​MCC.​0b013​e3283​
34b151

	7.	 Feske S, Wulff H, Skolnik EY (2015) Ion channels in innate and adaptive immunity. Annu Rev Immunol 33:291–
353. https://​doi.​org/​10.​1146/​annur​ev-​immun​ol-​032414-​112212

	8.	 Schwingshackl A (2016) The role of stretch-activated ion channels in acute respiratory distress syndrome: finally 
a new target? Am J Physiol Cell Mol Physiol 311:L639–L652. https://​doi.​org/​10.​1152/​ajplu​ng.​00458.​2015

	9.	 Weidenfeld S, Kuebler WM (2017) Cytokine-regulation of Na+-K+-Cl- cotransporter 1 and cystic fibrosis 
transmembrane conductance regulator-potential role in pulmonary inflammation and edema formation. Front 
Immunol 8:393. https://​doi.​org/​10.​3389/​fimmu.​2017.​00393

	10.	 Simmons S, Erfinanda L, Bartz C, Kuebler WM (2019) Novel mechanisms regulating endothelial barrier function 
in the pulmonary microcirculation. J Physiol 597:997–1021. https://​doi.​org/​10.​1113/​JP276​245

	11.	 Ishii TM, Silvia C, Hirschberg B et al (1997) A human intermediate conductance calcium-activated potassium 
channel. Proc Natl Acad Sci USA 94:11651–11656

	12.	 Joiner WJ, Wang LUY, Tang MD, Kaczmarek LK (1997) hSK4, a member of a novel subfamily of calcium-activated 
potassium channels. Proc Natl Acad Sci USA 94:11013–11018. https://​doi.​org/​10.​1073/​pnas.​94.​20.​11013

	13.	 Logsdon NJ, Kang J, Togo JA et al (1997) A novel gene, hKCa4, encodes the calcium-activated potassium chan‑
nel in human T lymphocytes. J Biol Chem 272:32723–32726. https://​doi.​org/​10.​1074/​jbc.​272.​52.​32723

	14.	 Wandall-Frostholm C, Dalsgaard T, Bajoriunas V et al (2015) Genetic deficit of KCa3.1 channels protects against 
pulmonary circulatory collapse induced by TRPV4 channel activation. Br J Pharmacol 172:4493–4505. https://​
doi.​org/​10.​1111/​bph.​13234

	15.	 Lin MT, Jian M-Y, Taylor MS et al (2015) Functional coupling of TRPV4, IK, and SK channels contributes to Ca 2+ 
-dependent endothelial injury in rodent lung. Pulm Circ 5:279–290. https://​doi.​org/​10.​1086/​680166

	16.	 Chen YJ, Wallace BK, Yuen N et al (2015) Blood–brain barrier KCa3.1 channels: evidence for a role in brain Na 
uptake and edema in ischemic stroke. Stroke 46:237–244. https://​doi.​org/​10.​1161/​STROK​EAHA.​114.​007445

	17.	 Mauler F, Hinz V, Horváth E et al (2004) Selective intermediate-/small-conductance calcium-activated potassium 
channel (KCNN4) blockers are potent and effective therapeutics in experimental brain oedema and traumatic 
brain injury caused by acute subdural haematoma. Eur J Neurosci 20:1761–1768. https://​doi.​org/​10.​1111/j.​1460-​
9568.​2004.​03615.x

	18.	 Henríquez C, Riquelme TT, Vera D et al (2016) The calcium-activated potassium channel KCa3.1 plays a central 
role in the chemotactic response of mammalian neutrophils. Acta Physiol 216:132–145. https://​doi.​org/​10.​1111/​
apha.​12548

	19.	 Ataga KI, Smith WR, De CLM et al (2008) Efficacy and safety of the Gardos channel blocker, senicapoc (ICA-
17043), in patients with sickle cell anemia. Blood 111:3991–3997. https://​doi.​org/​10.​1182/​blood-​2007-​08-​110098

	20.	 Ataga K, Stocker J (2009) Senicapoc (ICA-17043): a potential therapy for the prevention and treatment of 
hemolysis-associated complications in sickle cell anemia. Exp Opin Investig Drugs 18:231–239. https://​doi.​org/​
10.​1517/​13543​78080​27080​11

	21.	 Ataga KI, Orringer EP, Styles L et al (2006) Dose-escalation study of ICA-17043 in patients with sickle cell disease. 
Pharmacotherapy 26:1557–1564

	22.	 Ataga KI, Reid M, Ballas SK et al (2011) Improvements in haemolysis and indicators of erythrocyte survival do not 
correlate with acute vaso-occlusive crises in patients with sickle cell disease: a phase III randomized, placebo-
controlled, double-blind study of the gardos channel blocker senicapo. Br J Haematol 153:92–104. https://​doi.​
org/​10.​1111/j.​1365-​2141.​2010.​08520.x

	23.	 Stocker JW, De Franceschi L, McNaughton-Smith GA et al (2003) ICA-17043, a novel Gardos channel blocker, pre‑
vents sickled red blood cell dehydration in vitro and in vivo in SAD mice. Blood 101:2412–2418. https://​doi.​org/​
10.​1182/​blood-​2002-​05-​1433

	24.	 Petersen AG, Lind CL, Granfeldt A (2018) The KCa3.1 channel blocker, senicapoc prevents the development of 
lung oedema and hypoxaemia in a ventilator-induced acute injury model. Abstr Pharmacol 176:2977–3081. 
https://​doi.​org/​10.​1111/​bph.​14681

	25.	 Swindle MM, Makin A, Herron AJ et al (2012) Swine as models in biomedical research and toxicology testing. Vet 
Pathol 49:344–356. https://​doi.​org/​10.​1177/​03009​85811​402846

	26.	 Matute-Bello G, Downey G, Moore BB et al (2011) An official American Thoracic Society workshop report: 
features and measurements of experimental acute lung injury in animals. Am J Respir Cell Mol Biol 44:725–738. 
https://​doi.​org/​10.​1165/​rcmb.​2009-​0210ST

	27.	 Matute-Bello G, Frevert CW, Martin TR (2008) Animal models of acute lung injury. Am J Physiol Lung Cell Mol 
Physiol 295:379–399. https://​doi.​org/​10.​1152/​ajplu​ng.​00010.​2008

	28.	 Borges JB, Costa ELV, Suarez-Sipmann F et al (2014) Early inflammation mainly affects normally and poorly aer‑
ated lung in experimental ventilator-induced lung injury. Crit Care Med 42:279–287. https://​doi.​org/​10.​1097/​
CCM.​00000​00000​000161

	29.	 Borges JB, Costa ELV, Bergquist M et al (2015) Lung inflammation persists after 27 hours of protective acute respira‑
tory distress syndrome network strategy and is concentrated in the nondependent lung. Crit Care Med 43:e123–
e132. https://​doi.​org/​10.​1097/​CCM.​00000​00000​000926

https://doi.org/10.1097/00132586-200102000-00017
https://doi.org/10.1016/S2213-2600(19)30417-5
https://doi.org/10.1016/S2213-2600(19)30417-5
https://doi.org/10.1186/s13054-017-1823-x
https://doi.org/10.1097/MCC.0b013e328334b151
https://doi.org/10.1097/MCC.0b013e328334b151
https://doi.org/10.1146/annurev-immunol-032414-112212
https://doi.org/10.1152/ajplung.00458.2015
https://doi.org/10.3389/fimmu.2017.00393
https://doi.org/10.1113/JP276245
https://doi.org/10.1073/pnas.94.20.11013
https://doi.org/10.1074/jbc.272.52.32723
https://doi.org/10.1111/bph.13234
https://doi.org/10.1111/bph.13234
https://doi.org/10.1086/680166
https://doi.org/10.1161/STROKEAHA.114.007445
https://doi.org/10.1111/j.1460-9568.2004.03615.x
https://doi.org/10.1111/j.1460-9568.2004.03615.x
https://doi.org/10.1111/apha.12548
https://doi.org/10.1111/apha.12548
https://doi.org/10.1182/blood-2007-08-110098
https://doi.org/10.1517/13543780802708011
https://doi.org/10.1517/13543780802708011
https://doi.org/10.1111/j.1365-2141.2010.08520.x
https://doi.org/10.1111/j.1365-2141.2010.08520.x
https://doi.org/10.1182/blood-2002-05-1433
https://doi.org/10.1182/blood-2002-05-1433
https://doi.org/10.1111/bph.14681
https://doi.org/10.1177/0300985811402846
https://doi.org/10.1165/rcmb.2009-0210ST
https://doi.org/10.1152/ajplung.00010.2008
https://doi.org/10.1097/CCM.0000000000000161
https://doi.org/10.1097/CCM.0000000000000161
https://doi.org/10.1097/CCM.0000000000000926


Page 16 of 16Petersen et al. ICMx            (2021) 9:20 

	30.	 Amato MBP, Meade MO, Slutsky AS et al (2015) Driving pressure and survival in the acute respiratory distress syn‑
drome. N Engl J Med 372:747–755. https://​doi.​org/​10.​1056/​nejms​a1410​639

	31.	 Granfeldt A, Letson HL, Dobson GP et al (2014) Adenosine, lidocaine and Mg2+ improves cardiac and pulmonary 
function, induces reversible hypotension and exerts anti-inflammatory effects in an endotoxemic porcine model. 
Crit Care. https://​doi.​org/​10.​1186/​s13054-​014-​0682-y

	32.	 Granfeldt A, Hvas CL, Graversen JH et al (2013) Targeting dexamethasone to macrophages in a porcine endotoxemic 
model. Crit Care Med 41:309–318. https://​doi.​org/​10.​1097/​CCM.​0b013​e3182​8a45ef

	33.	 Sørensen LK, Petersen AG, Granfeldt A et al (2021) A validated UHPLC-MS/MS method for rapid determination of 
senicapoc in plasma samples. J Pharm Biomed Anal. https://​doi.​org/​10.​1016/j.​jpba.​2021.​113956

	34.	 McNaughton-Smith GA, Burns JF, Stocker JW et al (2008) Novel inhibitors of the Gardos channel for the treatment of 
sickle cell disease. J Med Chem 51:976–982. https://​doi.​org/​10.​1021/​jm070​663s

	35.	 Hoegl S, Burns N, Angulo M et al (2018) Capturing the multifactorial nature of ARDS – “Two-hit” approach to model 
murine acute lung injury. Physiol Rep 6:1–12. https://​doi.​org/​10.​14814/​phy2.​13648

	36.	 Grommes J, Soehnlein O (2011) Contribution of neutrophils to acute lung injury. Mol Med 17:293–307. https://​doi.​
org/​10.​2119/​molmed.​2010.​00138

	37.	 Williams AE, Chambers RC (2014) The mercurial nature of neutrophils: still an enigma in ARDS? Am J Physiol Lung 
Cell Mol Physiol 306:L217–L230. https://​doi.​org/​10.​1152/​ajplu​ng.​00311.​2013

	38.	 Steinberg KP, Milberg JA, Martin TR et al (1994) Evolution of bronchoalveolar cell populations in the adult respiratory 
distress syndrome. Am J Respir Crit Care Med 150:113–122. https://​doi.​org/​10.​1164/​ajrccm.​150.1.​80257​36

	39.	 Weiland JE, Davis WB, Holter JF et al (1986) Lung neutrophils in the adult respiratory distress syndrome. Clinical and 
pathophysiological significance. Am Rev Respir Dis 133:218–225

	40.	 Schwab A, Fabian A, Hanley PJ, Stock C (2012) Role of ion channels and transporters in cell migration. Physiol Rev 
92:1865–1913. https://​doi.​org/​10.​1152/​physr​ev.​00018.​2011

	41.	 Schaff UY, Yamayoshi I, Tse T et al (2008) Calcium flux in neutrophils synchronizes β2 integrin adhesive and 
signaling events that guide inflammatory recruitment. Ann Biomed Eng 36:632–646. https://​doi.​org/​10.​1007/​
s10439-​008-​9453-8

	42.	 Kruskal BA, Shak S, Maxfield FR (1986) Spreading of human neutrophils is immediately preceded by a large increase 
in cytoplasmic free calcium. Proc Natl Acad Sci USA 83:2919–2923. https://​doi.​org/​10.​1073/​pnas.​83.9.​2919

	43.	 Craig A, Mai J, Cai S, Jeyaseelan S (2009) Neutrophil recruitment to the lungs during bacterial pneumonia. Infect 
Immun 77:568–575. https://​doi.​org/​10.​1128/​IAI.​00832-​08

	44.	 Meduri GU, Kohler G, Headley S et al (1995) Inflammatory cytokines in the BAL of patients with ARDS: persistent 
elevation over time predicts poor outcome. Chest 108:1303–1314. https://​doi.​org/​10.​1378/​chest.​108.5.​1303

	45.	 Jin LW, Di LJ, Nguyen HM et al (2019) Repurposing the KCa3.1 inhibitor senicapoc for Alzheimer’s disease. Ann Clin 
Transl Neurol 6:723–738. https://​doi.​org/​10.​1002/​acn3.​754

	46.	 Lu J, Dou F, Yu Z (2019) The potassium channel KCa3.1 represents a valid pharmacological target for microgliosis-
induced neuronal impairment in a mouse model of Parkinson’s disease. J Neuroinflammation 16:1–14. https://​doi.​
org/​10.​1186/​s12974-​019-​1682-2

	47.	 Staal RGW, Weinstein JR, Nattini M et al (2017) Senicapoc: repurposing a drug to target microglia KCa3.1 in stroke. 
Neurochem Res 42:2639–2645. https://​doi.​org/​10.​1007/​s11064-​017-​2223-y

	48.	 Matthay MA, Zemans RL, Zimmerman GA et al (2018) Acute respiratory distress syndrome. Nat Rev Dis Prim. https://​
doi.​org/​10.​1038/​s41572-​019-​0069-0

	49.	 Cardinal-Fernández P, Bajwa EK, Dominguez-Calvo A et al (2016) The presence of diffuse alveolar damage on open 
lung biopsy is associated with mortality in patients with acute respiratory distress syndrome: a systematic review 
and meta-analysis. Chest 149:1155–1164. https://​doi.​org/​10.​1016/j.​chest.​2016.​02.​635

	50.	 Hartmann EK, Duenges B, Baumgardner JE et al (2013) Correlation of thermodilution-derived extravascular lung 
water and ventilation/perfusion-compartments in a porcine model. Intensive Care Med 39:1313–1317. https://​doi.​
org/​10.​1007/​s00134-​013-​2915-y

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1056/nejmsa1410639
https://doi.org/10.1186/s13054-014-0682-y
https://doi.org/10.1097/CCM.0b013e31828a45ef
https://doi.org/10.1016/j.jpba.2021.113956
https://doi.org/10.1021/jm070663s
https://doi.org/10.14814/phy2.13648
https://doi.org/10.2119/molmed.2010.00138
https://doi.org/10.2119/molmed.2010.00138
https://doi.org/10.1152/ajplung.00311.2013
https://doi.org/10.1164/ajrccm.150.1.8025736
https://doi.org/10.1152/physrev.00018.2011
https://doi.org/10.1007/s10439-008-9453-8
https://doi.org/10.1007/s10439-008-9453-8
https://doi.org/10.1073/pnas.83.9.2919
https://doi.org/10.1128/IAI.00832-08
https://doi.org/10.1378/chest.108.5.1303
https://doi.org/10.1002/acn3.754
https://doi.org/10.1186/s12974-019-1682-2
https://doi.org/10.1186/s12974-019-1682-2
https://doi.org/10.1007/s11064-017-2223-y
https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1016/j.chest.2016.02.635
https://doi.org/10.1007/s00134-013-2915-y
https://doi.org/10.1007/s00134-013-2915-y

	Treatment with senicapoc in a porcine model of acute respiratory distress syndrome
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal preparation
	Surgical preparation and monitoring
	Experimental protocol
	BAL
	Vascular permeability
	Cytokine analysis
	Histology
	Senicapoc plasma concentrations
	Statistical analysis

	Results
	Hemodynamic and metabolic parameters
	Gas exchange and respiratory mechanics
	Albumin, inflammatory cells and cytokines in BALF
	Histological evaluation of lung injury
	Senicapoc plasma concentrations

	Discussion
	Limitations

	Conclusion
	Acknowledgements
	References


