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Abstract
Background/Aims: Oxidative stress and infections by Pseudomonas aeruginosa (P. aeruginosa) 
are prominent in lungs of patients suffering from cystic fibrosis (CF). Methods: The present 
study examines effects of P. aeruginosa on lipid peroxidation in human and mouse lungs, 
and cell death induced by P. aeruginosa in human airway epithelial cells. The role of the 
Ca2+ activated Cl- channel TMEM16A, the phospholipid scramblase TMEM16F, and the CFTR 
Cl- channel for ferroptotic cell death is examined. Results: Lipid peroxidation was detected 
in human CF lungs, which correlated with bacterial infection. In vivo inoculation with 
P. aeruginosa or Staphylococcus aureus (S. aureus) induced lipid peroxidation in lungs of mice 
lacking expression of CFTR, and in lungs of wild type animals. Incubation of CFBE human 
airway epithelial cells with P. aeruginosa induced an increase in reactive oxygen species (ROS), 
causing lipid peroxidation and cell death independent of expression of wt-CFTR or F508del-
CFTR. Knockdown of TMEM16A attenuated P. aeruginosa induced cell death. Antioxidants 
such as coenzyme Q10 and idebenone as well as the inhibitor of ferroptosis, ferrostatin-1, 
inhibited P. aeruginosa-induced cell death. CFBE cells expressing wtCFTR, but not F508del-
CFTR, activated a basal Cl- conductance upon exposure to P. aeruginosa, which was caused 
by an increase in intracellular basal Ca2+ concentrations and activation of Ca2+-dependent 
adenylate cyclase. Conclusion: The data suggest an intrinsic pro-inflammatory phenotype in 
CF epithelial cells, while ferroptosis is observed in both non-CF and CF epithelial cells upon 
infection with P. aeruginosa. CF cells fail to activate fluid secretion in response to infection with 
P. aeruginosa. The use of antioxidants and inhibitors of ferroptosis is proposed as a treatment 
of pneumonia caused by infection with P. aeruginosa.
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Introduction

Oxidative stress and infections by P. aeruginosa play prominent roles in the lung  
pathology of cystic fibrosis (CF). Lungs of mice lacking expression of CFTR exhibit a redox 
imbalance in the airway surface liquid (ASL), leading to higher levels of endogenous reactive 
oxygen species (ROS) and lipid peroxidation [1]. Moreover, pulmonary accumulation of 
ceramide has been observed in CFTR-deficient mice, causing constitutive age-dependent 
pulmonary inflammation and high susceptibility to severe P. aeruginosa infections [2]. 
Further evidence for lipid peroxides in CF human airways has been found along with 
inflammasome-dependent inflammation, which contributes to respiratory infections [3, 4]. 
Another study, however, did not find inflammasome-activation by P. aeruginosa isolates [5].

Dar et al. reported expression of lipoxygenase (pLoxA) by P. aeruginosa. By means 
of pLoxA, host arachidonic acid–phosphatidylethanolamines (AA-PE) are oxidized and 
ferroptotic cell death is triggered in human bronchial epithelial cells. Elevated levels of 
oxidized AA-PE were detected in airway samples from P. aeruginosa-infected CF patients, 
but not in uninfected CF lungs or lungs infected with other pathogens such as Burkholderia 
cenocepacia, Achromobacter xylosoxidans, or Mycobacterium abscessus [6]. We previously 
examined ROS-mediated cell death in airway and intestinal epithelium. In contrast to an 
earlier study that suggested release of the ROS-scavenger glutathione (GSH) by CFTR, thus 
enhancing cytosolic ROS [7], we found identical ROS-levels in CFTR+/+ vs. CFTR-/- cells [8]. 
The phospholipid scramblase and ion channel TMEM16F was found to contribute to 
ferroptotic cell death [8]. Spontaneous cell death was massively reduced in the intestine of 
TMEM16F knockout mice, and was also observed after knockout of TMEM16F in ciliated 
airway epithelial cells [9]. These and other data [10] strongly suggested a role of TMEM16F 
in ferroptosis.

Along the same line we found that TMEM16F and the Ca2+ activated Cl- channel TMEM16A 
act cooperatively on the activation of ion currents and induction of cell death. Moreover, 
both TMEM16A and TMEM16F are activated through lipid peroxidation and other plasma 
membrane lipid modifications [11]. Because activation of TMEM16A by lipid peroxidation 
was shown to drive growth of renal cysts in vitro, we proposed inhibition of TMEM16A 
or inhibition of lipid peroxidation / ferroptosis as a therapeutic strategy, to delay cyst 
development in polycystic kidney disease [12]. Here we examined how lipid peroxidation 
in human and mouse airways correlates with bacterial infection and the presence of a 
CF-phenotype. In vitro analysis of airway epithelial cells suggests a role TMEM16A and 
TMEM16F in ferroptosis and suggests inhibitors of lipid peroxidation / ferroptosis to reduce 
airway epithelial cell death in cystic fibrosis [13].

Materials and Methods

Tissue preparation from human, piglet, and mouse lung
Lung tissues were obtained from 5 non-cystic fibrosis (non-CF) and from 5 cystic fibrosis patients (CF). 

The analysis of human lung sections has been approved by the Ethikkommission des Universitätsklinikum 
Essen (West German Heart and Vascular Center Essen, University of Duisburg-Essen, Hufelandstrasse 55, 
45122 Essen, Germany), Genehmigungsnummer 17-7326-BO. The wild type CFTR (CFTR+/+) and knockout 
CFTR (CFTR-/-) piglet were generated in Prof. Dr. Klymiuk’s laboratory (Institute of Molecular Animal 
Breeding and Biotechnology, Gene Center, Ludwig-Maximilians-Universität München), who kindly provided 
the piglet lung tissue samples [14]. Piglet lungs were fixed in 4% paraformaldehyde in PBS, dehydrated with 
ethanol to xylene gradient and embedded in paraffin. Cftr+/+ and Cftr-/- mice were infected with Pseudomonas 
aeruginosa (P.ae) or Staphylococcus aureus (S.au). Growth of P. aeruginosa and S. aureus and treatment of 
animals has been described in detail previously [15].



Cell Physiol Biochem 2021;55:590-604
DOI: 10.33594/000000437
Published online: 13 October 2021 592

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Ousingsawat et al.: P. aeruginosa Induced Lipid Peroxidation in CF Airways

Cells and treatment
Human cystic fibrosis bronchial epithelial cell lines stably expressing wtCFTR (CFBE/wtCFTR) 

or F508del-CFTR (CFBE/F508del-CFTR) were cultured in MEM media supplemented with 10% heat-
inactivated fetal calf serum, 2mM L-glutamine and 2.5 μg/ml puromycin (All culture media and supplements 
were from Capricorn Scientific, Ebsdorfergrund, Germany). Cells were grown at 37°C in a humidified 
atmosphere with 5% (v/v) CO2. For P. aeruginosa treatment, the frozen bacteria stock was plated from 
fresh tryptic soy agar plate (TSA; Becton Dickinson) and grown at 37°C for 14 to 16 hr. P. aeruginosa 
were resuspended in trypticase soy broth (Becton Dickinson) and then incubated at 37°C for 1 hr with 
shaking at 130 rpm to obtain bacteria in the early logarithmic growth phase. Bacteria were then washed 
and resuspended in warmed cell culture medium containing with 10 mM HEPES. The final concentration 
of bacteria was quantified by spectrophotometry. All inhibitors and compounds were applied to cells 2 h 
before P. aeruginosa treatment.

siRNA-knockdown of ANO1 (TMEM16A) and ANO6 (TMEM16F)
Knockdown of TMEM16 proteins in CFBE cells was performed through transfection by electroporation 

of siTMEM16A or siTMEM16F (each 1 µg/ml; both from Invitrogen, Carlsbad, CA, USA), using a neon 
transfection system (Invitrogen, Carlsbad, CA, USA) with a program of 3 pulses, 1650 V, 10 ms. Alternatively, 
the siRNAs were transfected using standard protocols for Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA). Scrambled siRNA (Invitrogen, Carlsbad, CA, USA) was transfected as control. All cells transfected with 
siRNA were used for experiments 72 h after transfection. Successful knockdown was verified by Western-
blotting, which indicated a complete knockdown for both ANO1 and ANO6.

Immunocytochemistry of 4HNE in tissue and cells
Lipid peroxidation in lung tissue sections was detect by 4-Hydroxy-2-nonenal (4HNE) staining. Briefly, 

paraffin embedded human lung sections (5 µm) were deparaffinised, rehydrated and then incubated in 
sodium citrate buffer pH 6.0 at 95°C for 15 min. Quenching of endogenous peroxidase was performed with 
3%H2O2 for 15 min before incubation with rabbit anti-4HNE antibody (Alpha Diagnostic International, Tx, 
USA) overnight at 4°C. After washing, biotinylated donkey anti-rabbit IgG (Santa Cruz, Heidelberg, Germany) 
was applied for 1 h at room temperature. Sections were washed and then incubated with avidin-peroxidase 
complex (Vectastain kit, Vector laboratories) for 1.5 h at room temperature. The peroxidase was then 
developed by DAB (Sigma-Aldrich, Taufkirchen, Germany). Stainings were assessed by light microscopy, and 
were analysed using ImageJ. To analyse lipid peroxidation in CFBE human airway epithelial cells, CFBE cells 
were grown on glass cover slips and incubated with P. aeruginosa for 0, 2 and 4 h. Cells were fixed with 4% 
paraformaldehyde 15 min. After washing in PBS, cells were incubated with primary antibody rabbit anti 4HNE 
(Alpha Diagnostic International, Tx, USA) at 4°C overnight. Cells were incubated with secondary AlexaFluro 
488 goat anti-rabbit IgG (Molecular Probes, Thermo Fisher, Germany) for 1h at room temperature. After 
washing with PBS, cells were counterstained with Hoechst33342 (Sigma-Aldrich, Taufkirchen, Germany) 
and mounted with DakoCytomation fluorescent mounting media (DAKO cytomation). Immunofluorescence 
was detected using an Axio Observer microscope equipped with Axiocams 503 mono and ApoTome.2. 
Immunofluorescence signals from 4HNE stainings in the airway epithelium were determined by marking 
the regions of interest (ROI; epithelium only) and by setting the background brightness as reference. The 
reference was kept throughout the entire analysis of all images. A large number of images (n=79-291) was 
analyzed from lungs of each patient. Microscopic setting for excitation, exposure etc. were kept constant 
throughout the entire analysis. Values were detected by using Axio Observer microscope.

Detection of intracellular ROS and cell death by propidium iodide
Intracellular ROS was detected using Fluorometric intracellular ROS kit (Deep red fluorescence, Sigma, 

Taufkirchen, Germany). The unbiased tracking software of ZEN 3.0 automatically detected and counted 
fluorescent cells. Microscopic settings were identical throughout the entire analysis of all images. Data are 
shown as number of cells divided by total number of cells counted. Cell death was detected by propidium 
iodide permeabilization. Fluorescence was detected using Axio Observer microscope and ZEN 3.0 (blue 
edition) software (Zeiss, Oberkochen, Germany) or using microplate reader NOVOstar (BMG Labtech, 
Offenburg, Germany).



Cell Physiol Biochem 2021;55:590-604
DOI: 10.33594/000000437
Published online: 13 October 2021 593

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Ousingsawat et al.: P. aeruginosa Induced Lipid Peroxidation in CF Airways

Detection of microorganism in human and mouse lung tissues
Gram-positive and gram-negative bacteria were detected using Gram Stain Kit (Abcam, Amsterdam, 

Netherlands). Briefly, after deparaffination and hydration, paraffin embedded lung tissues were incubated 
in Gentian violet solution and rinsed in water. Slides were incubated in Lugol’s iodine solution and rinsed 
with water. Slides were decolorized with Gram decolorizer and then incubated in carbol fuchsin. After 
washing, the tissue elements were counterstained with tartrazine solution.

Patch Clamping
CFBE cells were grown on coated glass cover slips. Patch pipettes were filled with a cytosolic-like 

solution containing (in mM) KCl 30, K-gluconate 95, NaH2PO4 1.2, Na2HPO4 4.8, EGTA 1, Ca -gluconate 0.758, 
MgCl2 1.03, D-glucose 5, ATP 3, pH 7.2. The intracellular (pipette) Ca2+ activity was 0.1 µM. The bath was 
perfused continuously with Ringer solution at a rate of 8 ml/min. Patch pipettes had an input resistance of 
2–4 MW and whole cell currents were corrected for serial resistance. Currents were recorded using a patch 
clamp amplifier EPC9, and PULSE software (HEKA, Lambrecht, Germany) as well as Chart software (AD 
Instruments, Spechbach, Germany). The currents were corrected for the serial resistance. The acquisition 
frequency was 1 kHz. The signal was filtered by a low-pass Bessel filter. In regular intervals, the membrane 
voltage (Vc) was clamped from -100 to +100 mV in steps of 20 mV. If not voltage clamped, the cells were kept 
at their intrinsic membrane voltage in the current clamp mode. Membrane capacitance was measured using 
the PULSE software. Current density was calculated by dividing whole cell currents by cell capacitance.

Measurement of [Ca2+]i
Measurement of the intracellular Ca2+ concentration was performed as described previously [16]. In 

brief, after incubation with P. aeruginosa, cells were loaded with 2 μM Fura-2/AM and 0.02% Pluronic F-127 
(Invitrogen, Darmstadt, Germany) to measure global changes in cytosolic Ca2+. Fluorescence was detected 
at 37°C, using an inverted microscope (Axiovert S100, Zeiss, Germany) and a high speed polychromator 
system (VisiChrome, Puchheim, Germany). Fura-2 was excited at 340/380 nm, and emission was recorded 
between 470 and 550 nm using a CCD-camera (CoolSnap HQ, Visitron Systems, Germany). After calibration 
intracellular Ca2+ concentrations were calculated.

Western Blotting
Protein was isolated from cells using a sample buffer containing 50 mM Tris-HCl, 150 mM NaCl, 50 

mM Tris, 100 mM dithiothreitol, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 1% protease inhibitor 
mixture (Sigma, Taufkirchen, Germany). Proteins were separated by 8.5 % SDS-PAGE and transferred to a 
polyvinyl membrane (GE Healthcare, Munich, Germany). Membranes were incubated with primary rabbit 
monoclonal [SP31] anti-TMEM16A antibody (#ab64085, Abcam, Cambridge, UK 1:500) overnight at 4°C. 
Proteins were visualized using horseradish peroxidase-conjugated secondary antibody and ECL detection 
kit (ECL™ Prime Western-Blot-System, Sigma-Aldrich, Taufkirchen, Germany) . GAPDH was used as a loading 
control.

Detection of IL-8, TNF-α, IL-1α and IL-1ß
IL-8, TNF-α, IL-1α and IL-1ß secretion was detected using quantikine colorimetric sandwich ELISA kits 

(R&D systems, Wiesbaden-Nordenstadt, Germany). After cells were infected with P. aeruginosa, cell culture 
supernates were collected. Particulates were removed by centrifugation and assay immediately according 
to the protocol for the company. The signal was detected using microplate reader NOVOstar (BMG Labtech, 
Offenburg, Germany).

Materials and statistical analysis
All compounds used were of highest available grade of purity. The TMEM16A-inhibitors and the other 

drugs used in the present study, such as ferrostain-1, coenzyme Q10, benzbromarone, niclosamide, Ani9, 
idebenone, CFTRinh172, and ST034307 were all from Sigma-Aldrich (Taufkirchen, Germany). Data are 
reported as mean ± SEM. Student’s t test for unpaired samples and ANOVA were used for statistical analysis. 
P < 0.05 was accepted as significant difference. Data are expressed as mean ± SEM. Differences among 
groups were analyzed using one-way ANOVA, followed by a Bonferroni test for multiple comparisons. An 
unpaired t test was applied to compare the differences between two groups.
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Results

Bacterial colonization and lipid peroxidation in CF airways
In the present study various aspect were examined in lung tissue sections from in total 

5 CF- and 5 non-CF patients. Gram-negative and Gram-positive bacteria were detected in 
lung tissue slices of 3 CF patients, while no bacteria were detected in lung slices of 3 non-CF 
(asthmatic) patients (Fig. 1A). Lipid peroxidation was analyzed in the airway epithelium using 
4-Hydroxy-2-nonenal (4HNE) staining. Immunofluorescence signals from 4HNE stainings in 
the airway epithelium were determined by marking the regions of interest (ROI; epithelium 
only). A large number of images (n=79-291) were analyzed from each patient lung. Dark 
precipitations indicated membrane lipid peroxidation in 5 CF patients, while no clear lipid 
peroxidation could be detected in 3 non-CF airways (Fig. 1B, C). These data confirm earlier 
findings and suggest a contribution of bacterial infections to lipid peroxidation in human 
airway epithelial cells, as suggested by Dar et al. [6].

Role of CFTR for lipid peroxidation
The role of bacterial infection for lipid peroxidation was further analyzed in mouse 

lungs, in order to determine whether lipid peroxidation is correlated with bacterial infection. 
Moreover, it was essential to determine examine differences regarding spontaneous lipid 
peroxidation (in the absence of bacteria) between CFTR+/+ and CFTR-/- mice. To that end, 
mice were infected with P. aeruginosa or S. aureus as described earlier [15]. After intratracheal 
infection, bacteria could be detected in lungs of both CFTR+/+ and CFTR-/- mice (Fig. 2A). 
Lipid peroxidation was detected in airways of mice infected with P. aeruginosa or S. aureus, 
but not in non-infected control animals. Thus, 4HNE staining showed no signals in lungs 
from CFTR+/+ and CFTR-/- control animals, but showed lipid peroxidation in P. aeruginosa 
infected animals and, to a weaker extend, also in S. aureus infected animals (Fig. 2B, C). 
The data suggest i) oxidative stress and possible ferroptosis only after bacterial infection, 
which ii) is not specific to P. aeruginosa, and iii) not dependent on expression of CFTR. It is 
well known that CFTR is expressed at only low levels in mouse airways, which demonstrate 
only little cAMP-activated Cl- secretion [17, 18]. In contrast to CFTR-knockout mice, which 
demonstrate an only weak CF-phenotype, knockout of CFTR in piglets induced a full-blown 

Fig. 1. Bacterial colonization and lipid 
peroxidation in human CF airways. A) 
Gram-negative and Gram-positive bacte-
ria were found in 4 out of 5 patients with 
CF (yellow arrows). No bacteria were de-
tected in three non-CF patients. Bar indi-
cates 50 µm. B) Lipid peroxidation of the 
airway epithelium detected by 4-Hydroxy-
2-nonenal (4HNE). Dark precipitations 
indicate membrane lipid peroxidation in 
three CF (CF1-CF3; yellow arrows) pati-
ents, with no peroxidation being detected 
in airways of three patients without cystic 
fibrosis (non-CF1-non-CF3). Bar indica-
tes 100 µm. C) Whisker-box blot indica-
tes enhanced 4HNE staining in CF when 
compared to non-CF patients. Mean ± SEM 
(number of measurements/number of 
patients). #significant difference (p<0.05, 
Mann–Whitney–Wilcoxon).
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CF disease [19]. We therefore also analyzed lipid peroxidation in airways of newborn piglets 
lacking expression of CFTR [14, 20]. Interestingly, 4HNE-staining suggested lipid peroxidation 
in lungs from CFTR-/- but not from CFTR+/+ animals, suggesting that lack of pulmonary 
CFTR-expression predisposes to oxidative stress even in the absence of bacterial infection 
(Supplementary Fig. 1 – for all supplementary material see www.cellphysiolbiochem.com). 
Similar has also been observed in young infants [21].

P. aeruginosa induced ROS and lipid peroxidation in human airway epithelial cells
ROS formation was analyzed in CFBE human airway epithelial cells stably expressing 

wtCFTR or F508del-CFTR. ROS was not detected under control conditions, but was clearly 
induced when cells were exposed to P. aeruginosa (Fig. 3). Moreover, lipid peroxidation 

Fig. 2. Bacterial colonization and lipid per-
oxidation in mouse CFTR+/+ and CFTR-/- 
airways. A) P. aeruginosa (yellow arrows) 
detected in infected airways of CFTR+/+ 
and CFTR-/- mice. Bar indicates 20 µm. 
B) Lipid peroxidation in airways of mice 
infected with P. aeruginosa or S. aureus, 
but not in non-infected control animals, 
as detected by 4HNE staining (yellow ar-
rows). Bar indicates 100 µm. C) Whisker-
box blot indicates enhanced 4HNE staining 
in CFTR-/- when compared to CFTR+/+. 
Mean ± SEM (number of measurements/
number of animals). #significant difference 
(p<0.05, Mann–Whitney–Wilcoxon).

Fig. 3. P. aeruginosa induced lipid per-
oxidation in wtCFTR and F508del-CFTR-
expressing CFBE cells. A) CFBE cells stably 
expressing wtCFTR or F508del-CFTR 
were exposed to P. aeruginosa for two or 
four hours. ROS positive cells are stained 
in red. Bar indicates 100 µm. B) Analysis 
of ROS-positivity (% of cells). Mean ± SEM 
(number of cover slips analyzed/number 
of experimental series). #significant diffe-
rence when compared to control (ANOVA; 
p<0.05.
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induced by tert-butyl hydroperoxide was not different between CFBE/wtCFTR and CF/
F508del-CFTR cells, and was detected in 82.2 ± 9.2 % (n=3; wtCFTR) and 87.6 ± 8.8 % 
(n=3; F508del-CFTR), respectively, of all cells. These data suggest that ROS-buffer capacity 
is similar in airway epithelial cells expressing wtCFTR or F508del-CFTR. Exposure to 
P. aeruginosa and induction of ROS was paralleled by lipid peroxidation, which could be 
clearly inhibited by ferrostatin-1, suggesting induction of ferroptosis by P. aeruginosa 
(Fig. 4). Moreover, exposure to P. aeruginosa and induction of ferroptosis induced cell death 
as detected by propidium iodide permeabilization. Again, the rate of cell death was equal for 
both cells expressing wtCFTR or F508del-CFTR (Fig. 5).

TMEM16A contributes to cell death induced by P. aeruginosa
Our previous studies pointed out to a contribution of TMEM16A and TMEM16F to 

regulated cell death in airways [8] and polycystic kidney disease, respectively [12]. We 
therefore asked whether TMEM16A also contributes to ferroptotic cell death induced by 
P. aeruginosa. To that end, TMEM16A was knocked down by siRNA (siT16A) in CFBE cells 
(Fig. 6A, C). siRNAs were transfected using standard protocols for electroporation or, 
alternatively, lipofectamine 3000 was transfected as control. All cells transfected with siRNA 
were used for experiments 48-72 h after transfection. Successful knockdown was verified 
by Western-blotting, which indicated a complete knockdown for both ANO1 and ANO6. Cell 
death was determined 1-5 hours after applying P. aeruginosa to the cells. Indeed, cell death 
induced by 1000 P. aeruginosa per cell was partially inhibited by knockdown of TMEM16A 
in CFBE/wtCFTR and CFBE/F508del-CFTR cells (Fig. 6B, D). In contrast, knockdown of 
TMEM16F did not inhibit P. aeruginosa induced cell death (Supplementary Fig. 2). However, 
the missing effect of siTMEM16F on P. aeruginosa-induced cell death might also be due to 
the very low expression levels of TMEM16F in CFBE cells, which could not be detected by 
Western blotting. Expression of TMEM16F is somewhat higher in Calu3 airway epithelial 
cells [22] and knockdown of TMEM16F showed some inhibitory effect on P. aeruginosa-
induced cell death (Supplementary Fig. 3).

Fig. 4. Lipid peroxidation 
in CFBE cells. A) CFBE cells 
stably expressing wtCFTR or 
F508del-CFTR were exposed 
to P. aeruginosa for two or 
four hours in the absence or 
presence of Ferrostatin-1. 
Lipid peroxidation was de-
tected by 4HNE-positivity 
(cyan color). Bar indica-
tes 100 µm. B) Analysis of 
4HNE-positivity (% of cells). 
Blue: DAPI staining of nuclei. 
Mean ± SEM (number of tis-
sues measured). #significant 
difference when compared 
to control (ANOVA; p<0.05). 
§significant difference when 
compared to the absence of 
Ferrostatin-1 (unpaired t-
test; p<0.05).
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Fig. 5. P. aeruginosa induced 
cell death in human airway 
epithelial cells. A,B) CFBE 
cells stably expressing wtCF-
TR or F508del-CFTR were 
exposed to increasing con-
centrations of P. aeruginosa, 
causing cell death as detected 
by propidium iodide positivi-
ty. Bar indicates 100 µm. Rate 
of cell death was equal for 
cells expressing wtCFTR or 
F508del-CFTR. Mean ± SEM 
(number of assays).

Fig. 6. TMEM16A contributes to cell 
death induced by P. aeruginosa. A) 
Western blot of TMEM16A (T16A) 
indicating expression in CFBE/wtCF-
TR cells and successful knockdown 
by siRNA (siT16A). B) Cell death 
induced by 1000 P. aeruginosa per 
cell was inhibited by knockdown of 
TMEM16A. C) Western blot of T16A 
indicating expression in CFBE/
F508del-CFTR cells and successful 
knockdown by siT16A. D) Cell death 
induced by 1000 P. aeruginosa per 
cell was inhibited by knockdown of 
TMEM16A. Mean ± SEM (number of 
assays). #significant difference when 
compared to scrbld (scrambled) 
(ANOVA; p<0.05). Western blots 
were performed in triplicates.
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Inhibition of P. aeruginosa-induced cell death by inhibitors of ROS and ferroptosis, but not 
by inhibitors of TMEM16A
Because knockdown of TMEM16 proteins partially inhibited P. aeruginosa induced 

cell death, we examined whether inhibitors of TMEM16A or TMEM16F, (benzbromarone, 
niclosamide, Ani9) and antioxidants/ferroptosis-inhibitors (coenzyme Q10, ferrostatin-1) 
interfere with cell death in CFBE/wtCFTR and CFBE/F508del-CFTR cells. Coenzyme Q10 and 
ferrostatin-1 inhibited P. aeruginosa-induced cell death significantly, while the TMEM16A-
inhibitors were without any significant effects (Fig. 7A, B). In addition, we examined the 
effect of another ROS scavenger, idebenone, which is also known to inhibit TMEM16A 
(Fig. 7C). Idebenone is a FDA-approved drug. We found that it reduces cell death induced by 
P. aeruginosa significantly (Fig. 7C). Benzbromarone, niclosamide, and idebenone are all FDA-
approved drugs for the treatment of hyperuricemia, tape-worm infection and eye disease, 
respectively, while Q10 is an antioxidant used as a food supplement. Idebenone has been 
shown to inhibit TMEM16A and to operate as an antioxidant [11, 12, 23]. The data suggest 
antioxidants and inhibition of ferroptosis as an effective therapy to reduce P. aeruginosa 
induced cell death.

P. aeruginosa increases basal intracellular Ca2+ concentrations and activates CFTR
Because ROS formation is known to affect cytosolic Ca2+, we examined whether 

exposure to P. aeruginosa induces an increase in the intracellular Ca2+ concentration. Indeed, 
continuous exposure to P. aeruginosa for up to 5 hours gradually increased basal Ca2+ levels 
in both CFBE/wtCFTR and CFBE/F508del-CFTR cells (Fig. 8A, B). In patch clamp recordings 
we detected enhanced membrane currents in CFBE/wtCFTR cells exposed to P. aeruginosa, 
which was not observed in CFBE cells expressing F508del-CFTR. Removal of extracellular Cl- 
strongly inhibited membrane conductance and shifted the reversal potential in CFBE/wtCFTR 
cells, indicating activation of a whole cell Cl- current. Similarly, the CFTR-inhibitor 172 also 
blocked the P. aeruginosa-induced current, indicating activation of CFTR Cl- currents, which 
are absent in F508del-CFTR expressing cells (Fig. 9A-F). Based on previous observations, 
we speculated that increase in basal Ca2+ by P. aeruginosa activates CFTR by stimulation of 
a Ca2+ dependent adenylate cyclase, possibly ADCY1. In fact, the ADCY1-inhibitor ST034307 
also inhibited activated of CFTR, suggesting a defense mechanism in non-CF airways, which 
is absent in airways of people with CF (Fig. 9G-I).

P. aeruginosa cause release of cytokines
IL-8 produced in the bronchial epithelium improves lung immunity towards bacterial 

infection, but also drives lung damage through persistent inflammation, causing lung 
remodelling [24]. We examined the release of four cytokines, IL-8, TNF-α, IL-1α and IL-1ß 
by exposure of CFBE/wtCFTR or CFBE/F508del-CFTR cells to P. aeruginosa. P. aeruginosa 
induced release of IL-8 and TNF-α in both wtCFTR and F508del-CFTR expressing cells, 
which was augmented in cells expressing F508del-CFTR (Fig. 10A). IL-1α and IL-1ß were 
not released upon exposure to P. aeruginosa (Table 1). Notably, release of TNF-α by CFBE/
F508del-CFTR cells was high even in the absence of P. aeruginosa, strongly suggesting a 
proinflammatory phenotype in human airways expressing F508del-CFTR [25, 26]. Taken 
together, the present results suggest a hypoxic predisposition and lipid peroxidation in CF 
airways, which is augmented by infection with P. aeruginosa. The results provide evidence 
for a contribution of TMEM16A/F to ferroptotic cell damage of airway epithelial cells, which 
can be inhibited by antioxidants and inhibitors of ferroptosis.
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Fig. 7. Inhibition of P. aeruginosa-indu-
ced cell death by various inhibitors. Cell 
death was induced in CFBE/wtCFTR 
and CFBE/F508del-CFTR cells by 1000 
P. aeruginosa per cell in the absence or 
presence of various inhibitors. Ferro-
stain-1 (Fer-1; 10 µM), Coenzyme Q10 
(Q10; 10 µM), benzbromarone (BBR; 
10 µM), niclosamide (Niclo; 1 µM), Ani9 
(Ani9; 5 µM), Idebenone (Ide; 10 µM). 
A,B) Ferrostatin-1 and Q10 inhibited 
P. aeruginosa - induced cell death in 
CFBE/wtCFTR and CFBE/F508del-CF-
TR cells at each time point examined. 
C) Idebenone inhibited P. aeruginosa 
(3 hrs) - induced cell death in CFBE/
wtCFTR and CFBE/F508del-CFTR cells. 
Mean ± SEM (number of assays). #si-
gnificant difference when compared to 
scrbld (ANOVA; p<0.05).

Fig. 8. P. aeruginosa induce 
basal intracellular Ca2+ concen-
trations. Original recordings 
(A) and summary (B) of basal 
Ca2+ levels in CFBE/wtCFTR 
and CFBE/F508del-CFTR cells 
under control conditions and 
after exposure to P. aeruginosa. 
Mean ± SEM (number of ex-
periments). #significant diffe-
rence when compared to con-
trol (ANOVA; p<0.05).
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Fig. 9. P. aeruginosa activate 
CFTR Cl- currents in CFBE/
wtCFTR but not CFBE/
F508del-CFTR cells. A-C) 
Exposure of CFBE/wtCFTR 
cells to P. aeruginosa (P. ae; 
1000/cell; 2 hrs) activated 
a whole cell Cl- current that 
was inhibited by removal of 
chloride from the extracel-
lular bath solution (P.ae5Cl-). 
No whole cell current was 
activated in CFBE/F508del- 
CFTR cells. D-F) P. aeruginosa- 
induced whole cell currents 
were inhibited by the CF-
TRinh172 (CFinh; 10 µM) 
providing additional evi-
dence for activation of CFTR 
by P. aeruginosa. G-I) Activa-
tion of CFTR by P. aeruginosa 
was inhibited by incubation 
of the cells with the inhibitor 
of Ca2+ -sensitive adenylate 
cyclase 1, ST034307 (AC1inh; 
30 µM). Mean ± SEM (number of experiments). #significant activation by P. aeruginosa or inhibition by AC1inh 

(p<0.05; unpaired t-test). *significant inhibition by 5Cl- or CFTRinh172 (p<0.05; paired t-test).

Fig. 10. P. aeruginosa causes 
release of cytokines. Release 
of IL-8 (A) and TNF-α (B) by 
exposure of CFBE/wtCFTR or 
CFBE/F508del-CFTR cells to 
P. aeruginosa (1000/cell). Re-
lease of IL-8 was augmented 
in cells expressing F508del-
CFTR. Release of TNF-α by 
CFBE/F508del-CFTR cells 
was high even in the absence of P. aeruginosa. Mean ± SEM (number of assays). #significant increase by 
P. aeruginosa (p<0.05; ANOVA). §significant difference when compared to wtCFTR (p<0.05; unpaired t-test).

Table 1. Release of IL-1α and IL-1β induced by 
P. aeruginosa in CFBE cells

1α (pg/ml) 1β (pg/ml)
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Discussion

The present data and earlier reports suggest enhanced lipid peroxidation in the airways 
of CF patients. In CFTR-knockout piglets, lipid peroxidation was observed even in the absence 
of P. aeruginosa. This was not seen in airways of CFTR-knockout mice. In contrast to mice, CF-
piglets develop a severe lung disease [27]. Similar to humans, also in piglets airway function 
largely relies on CFTR expression, unlike in mouse airways which express much lower levels 
of CFTR. It is important to note that structural changes were observed in lungs of infants 
with CF and in newborn piglets lacking expression of CFTR, such as bronchiectasis, altered 
orientation of smooth muscle bundles and sometimes an irregular epithelium [14, 20, 28, 
29]. These structural and developmental changes may also contribute to hypoxic regions 
within the CF lung, with higher local ROS levels leading to lipid peroxidation.

Apart from these structural predispositions, infection with P. aeruginosa clearly induced 
comparable lipid peroxidation in both wt and CFTR-knockout mice, and this was reproduced 
in isolated human airway epithelial cells expressing wtCFTR or F508del-CFTR. The recently 
identified novel modifier gene TAS2R38 that was identified in patients with cystic fibrosis, 
may have a significant impact on chronic lung colonization by P. aeruginosa [30, 31]. Lipid 
peroxidation induced ferroptotic cell death that could be antagonized by antioxidants and 
ferrostatin-1. Although siRNA-knockdown of TMEM16A and TMEM16F suggest a certain 
role of these proteins in cell death, none of the TMEM16 inhibitors attenuated cells death, 
unlike in previous studies [8, 32, 33]. In renal epithelial cells TMEM16A is activated by lipid 
peroxidation and thereby contributes to renal cyst formation [12]. The present data show 
that P. aeruginosa induced increase in intracellular Ca2+ that does not activate TMEM16A 
currents, as demonstrated by the fact that no currents were activated in F508del-expressing 
cells, which, however, express TMEM16A. Thus inhibitors of the TMEM16A/F currents such 
as niclosamide, benzbromarone, and Ani9 will not affect P. aeruginosa induced cell death. 
TMEM16A/F most likely support ferroptotic cell death by enhancing local intracellular Ca2+ 
levels, as described earlier [34].

The relationship between oxidative stress airway ion transport and cell death is well 
recognized [35]. P. aeruginosa enhanced basal Ca2+ and activated CFTR in wtCFTR-expressing 
cells, which has also been observed in earlier studies [36, 37]. Schwarzer et al. reported P. 
aeruginosa homoserine lactone that activates store-operated cAMP [38]. These results are 
supported by the present data, indicating Ca2+ activated adenylate cyclase as the source for 
Ca2+-induced cAMP with subsequent activation of CFTR. The results correlate well with the 
previous finding of hydrogen peroxide stimulation of CFTR due to Epac-mediated activation 
of soluble adenylate cyclase [39]. Thus, in the healthy lung, bacterial components activate 
electrolyte secretion to augment mucociliary clearance, a mechanism that does not operate 
in the absence of functional CFTR.

The present data strongly suggest the use of antioxidants in cystic fibrosis [40]. 
Idebenone is a potent antioxidant compound and inhibitor of TMEM16A [11, 12, 23]. 
Idebenone is approved for the use in Duchenne muscular dystrophy and Leber hereditary 
optic neuropathy [41], and may also improve lipid peroxidation and cell death in cystic 
fibrosis lungs. Moreover, direct inhibition of P. aeruginosa-induced cell death in CF lungs 
and other forms of bacterial pneumonia, by new generations of ferroptosis inhibitors may 
significantly improve lung inflammation [42].
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