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Inhibition of mucus secretion 
by niclosamide and benzbromarone 
in airways and intestine
Jiraporn Ousingsawat 1, Raquel Centeio 1, Nicole Reyne 2, Alexandra McCarron 2, 
Patricia Cmielewski 2, Rainer Schreiber 1, Gabriella diStefano 3, Dorothee Römermann 3, 
Ursula Seidler 3, Martin Donnelley 2,4 & Karl Kunzelmann 1,4*

The  Ca2+ activated  Cl− channel TMEM16A (anoctamin 1; ANO1) is expressed in secretory epithelial 
cells of airways and intestine. Previous studies provided evidence for a role of ANO1 in mucus 
secretion. In the present study we investigated the effects of the two ANO1-inhibitors niclosamide 
(Niclo) and benzbromarone (Benz) in vitro and in vivo in mouse models for cystic fibrosis (CF) 
and asthma. In human CF airway epithelial cells (CFBE),  Ca2+ increase and activation of ANO1 by 
adenosine triphosphate (ATP) or ionomycin was strongly inhibited by 200 nM Niclo and 1 µM Benz. In 
asthmatic mice airway mucus secretion was inhibited by intratracheal instillation of Niclo or Benz. In 
homozygous F508del-cftr mice, intestinal mucus secretion and infiltration by CD45-positive cells was 
inhibited by intraperitoneal injection of Niclo (13 mg/kg/day for 7 days). In homozygous F508del-cftr 
rats intestinal mucus secretion was inhibited by oral application of Benz (5 mg/kg/day for 60 days). 
Taken together, well tolerated therapeutic concentrations of niclosamide and benzbromarone 
corresponding to plasma levels of treated patients, inhibit ANO1 and intracellular  Ca2+ signals and may 
therefore be useful in inhibiting mucus hypersecretion and mucus obstruction in airways and intestine 
of patients suffering from asthma and CF, respectively.

Expression of the  Ca2+ activated  Cl− channel (CaCC) TMEM16A (anoctamin 1; ANO1) is upregulated in inflam-
matory airway diseases such as cystic fibrosis (CF) or  asthma1–4. Upregulation of ANO1 correlates with enhanced 
mucus secretion observed under inflammatory  conditions5–9. A number of ANO1 blockers, including niclosa-
mide and benzbromarone were shown to inhibit mucus secretion and bronchodilation,  respectively1,10–13. In con-
trast, activators of ANO1 such as Eact and brevenal caused mucus release and  bronchoconstriction4,13,14. Moreo-
ver, enhanced activity of ANO1 was found to correlate with vasoconstriction and pulmonary  hypertension15–18. 
Taken together these studies suggest that inhibition of ANO1 could be useful in treating lung diseases such as 
CF and asthma.

ANO1 is inhibited by a diversity of compounds, including niclosamide, benzbromarone, niflumic acid, 
5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB), or CaCCinh-AO119,20. These structurally unrelated com-
pounds are mostly lipophilic and probably bind to the lipophilic drug binding pocket present in anoctamin 
channels and scramblases,  respectively21. High-throughput screening identified the anthelmintic drug niclosa-
mide as a potent ANO1-inhibitor13. It was shown to strongly bronchodilate mouse and human airways in vitro, 
while subsequent studies demonstrated inhibition of airway mucus and cytokine secretion in asthmatic mice 
in vivo13,22,23, ex vivo22 and in vitro8. Niclosamide strongly reduces mucin production and inhibits exocytosis 
of mucus in airways and intestine by blocking ANO1 and  ANO64,7,22,24. Drug screening also identified the 
non-steroidal anti-inflammatory compound benzbromarone as inhibitor of  ANO11. Benzbromarone similarly 
inhibits airway mucus secretion and bronchoconstriction, and improves the asthmatic phenotype in  mice1,2,25.

It has been argued that niclosamide and benzbromarone may inhibit activation of ANO1 channels only 
indirectly, i.e. not by binding to ANO1 but by causing an off-target effect that strongly alters intracellular  Ca2+ 
 ([Ca2+]i) signals. It was concluded that these off-target effects may preclude the use in  patients26,27. It should be 
noted, however, that ANO1 itself controls both basal and agonist-induced rise in  [Ca2+]i: both inhibition and 
knockdown of ANO1 attenuated secretagogue-induced  [Ca2+]i increase, while overexpression and activation of 
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ANO1 demonstrated opposite  effects4,28. Moreover, inhibitors of ANO1 such as niclosamide and benzbromarone 
are often used experimentally at excessive concentrations, enhancing the likelihood for off-target effects. In the 
present study we report that low concentrations of these inhibitors typically found in treated patients block ion 
currents produced by ANO1, and inhibit intracellular  Ca2+ signals. We examined tolerability and effectiveness 
of these drugs which may help to inform future clinical trials. Inhibition of mucus secretion by niclosamide and 
benzbromarone is shown in different animal models for asthma and cystic fibrosis. Recent data are discussed 
on tolerability and usefulness of both drugs.

Results
Niclosamide and benzbromarone inhibit endogenous ANO1 in airway epithelial cells at thera-
peutic concentrations
Studies reported variable plasma peak concentrations for niclosamide (Niclo; 700–18,000 nM)29,30 and benzbro-
marone (Benz; ~ 6000 nM)31, which dropped to clearly lower concentrations within the following 24 h. In the 
present study, we examined the effects of Niclo and Benz at concentration of 200 nM and 1000 nM respectively, 
in order to stay within the therapeutic concentration range. At these concentrations ANO1 whole cell currents 
activated by the purinergic ligand ATP (10 µM) in CFBE14o- airway epithelial cells were potently inhibited 
(Fig. 1A–C). The experiments were performed in the presence of 100 nM TRAM-34 to avoid potential activation 
of  Ca2+ activated  K+  channels32. Niclo and Benz are likely to inhibit ANO1 currents directly by binding to its 
lipophilic binding  pocket21 and probably also by lowering agonist-induced  Ca2+ release and/or  Ca2+  influx25–28. 
We therefore activated ANO1 also by increasing  [Ca2+]i directly using the  Ca2+ ionophore ionomycin (1 µM). 
Under these conditions both Niclo and Benz still inhibited ionomycin-activated ANO1 currents, albeit inhibi-
tion was less pronounced (Fig. 1D–F). Moreover, in additional experiments Niclo and Benz were applied in the 
presence of 1 µM  Ca2+ in the patch pipette filling solution. Under these conditions the ANO1 current (measured 
at a clamp voltage of + 100 mV) was significantly (p < 0.05; paired t-tests) inhibited from 8.4 ± 1.1 nA (− Niclo) to 
5.1 ± 0.8 nA (+ 5 µM Niclo; n = 4), and from 8.0 ± 0.9 nA (− Benz) to 4.2 ± 0.9 nA (+ 10 µM Benz; n = 4). The data 
confirm that both blockers inhibit ANO1 in the presence of high cytosolic  Ca2+ concentration and at concentra-
tions found as plasma concentrations in patients.

Niclosamide and benzbromarone inhibit intracellular  Ca2+ signals, but also inhibit ANO1 inde-
pendent of changes in the cytosolic  Ca2+ concentration
We measured the effects of Niclo and Benz on  [Ca2+]i in CFBE cells loaded with the  Ca2+ sensor Fura2. Niclo 
concentrations ≥ 100 nM induced a brief and transient  Ca2+ increase, which was followed by a sustained decrease 
in basal  [Ca2+]i (Fig. 2A,B).  Ca2+ increase by the purinergic agonist ATP was assessed in the presence of increas-
ing concentration of Niclo. ATP (10 µM) induced a sudden release of  Ca2+ from the endoplasmic reticulum 
(ER) (peak  Ca2+), which was followed by a  Ca2+ influx (store operated  Ca2+ entry; SOCE) (plateau  Ca2+). At low 
(1 and 10 nM) concentrations, Niclo inhibited ATP-induced peak  Ca2+ and proportionally inhibited plateau 
 Ca2+ (Fig. 2C–E). In contrast, 100 and 500 nM Niclo increased peak  Ca2+, while SOCE was strongly inhibited 
at 500 nM. These data suggest complex and concentration-dependent effects of Niclo on basal  [Ca2+]i and 
ATP-induced  Ca2+ increase. Benz inhibited basal  [Ca2+]i only at 10 µM (Fig. 3A,B). However, it attenuated ATP-
induced peak and plateau  Ca2+ in a concentration-dependent manner (Fig. 3C–E). Taken together, inhibitory 
effects of Niclo and Benz on  [Ca2+]i occur at concentrations measured in the plasma of treated patients, and can 
be explained by concentration-dependent inhibition of  Ca2+ uptake into the store by inhibition of the sarco-
plasmic endoplasmic reticulum ATPase (SERCA) and/or by blockade of Orai1-dependent  Ca2+ entry (SOCE)25. 
The data provide evidence that both compounds inhibit ANO1 directly (by binding to ANO1) and indirectly 
(by lowering cytosolic  Ca2+).

We previously demonstrated that ANO1 largely augments release of  Ca2+ from the ER-store, while knockout 
or inhibition of ANO1 attenuates store  release7,22,28,33. Moreover, ANO1 directly interacts with inositol trisphos-
phate receptors  (IP3R) and therefore possibly controls the activity of  IP3R28,34. Notably, after knockdown of ANO1, 
niclosamide no longer inhibited  Ca2+ store  release25. Therefore, Niclo and probably other ANO1 inhibitors like 
Benz affect intracellular  Ca2+ signals at least partially through inhibition of ANO1. Finally, ANO1 and ANO6 
functionally interact with  Ca2+ influx pathways such as TRPV1 or TRPV4, which probably shape intracellular 
 Ca2+  signals35–38. Taken together, both niclosamide and benzbromarone show pronounced inhibitory effects on 
intracellular  Ca2+ signals, which interferes with activation of ANO1. Nevertheless, niclosamide and benzbromar-
one also inhibit ANO1 directly and independent of changes in the cytosolic  Ca2+ concentration.

Inhibition of mucus secretion by niclosamide and benzbromarone in mouse asthmatic airways
Airway mucus plugging is common in  asthma39. We compared the ability of Niclo and Benz to inhibit mucus 
secretion in asthmatic mice in vivo. Niclo or Benz (both 30 µM), dissolved in 100 µl saline, or 100 µl saline 
only (OVA; control), were applied by intratracheal instillation to ovalbumin-treated asthmatic mice over five 
consecutive days. Afterwards, animals were humanely killed and airways were analysed for mucus secretion 
using alcian blue staining. Ovalbumin increased mucus production in trachea and bronchi due to goblet cell 
metaplasia (Fig. 4). Benz and especially Niclo strongly attenuated mucus production in trachea and particularly 
in bronchioles of OVA mice, to a level present in control mice (Fig. 4). To our knowledge this is the first study 
in which benzbromarone was applied to inflamed (asthmatic) mouse airways in vivo. It shows muco-inhibitory 
effects comparable to niclosamide. We conclude that both drugs may be useful therapeutics for the treatment of 
airway mucus hypersecretion, which is commonly observed in asthma and cystic fibrosis.
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Inhibition of intestinal mucus secretion by niclosamide in F508del-cftr/F508del-cftr mice
Mucus hypersecretion resulting in airway plugging is also observed in human CF  airways40. In contrast, rodent 
CF models develop only a mild lung phenotype, but frequently demonstrate intestinal  obstructions41–43. Because 
we previously showed a role of ANO1 for intestinal mucus  secretion7,22, we examined the effects of Niclo and 
Benz on intestinal mucus production in CF mice and rats. Mice homozygous for the most frequent cystic fibrosis 
transmembrane conductance regulator (cftr) mutation F508del, demonstrate intestinal mucus accumulation, 
leading to bacterial overgrowth, inflammation, slower intestinal transit and lethal  obstructions41,44. We hypoth-
esized that inhibition of ANO1 by Niclo may attenuate excessive intestinal mucus secretion. To that end, F508del/
F508del-cftr mice were treated by intraperitoneal injections of niclosamide (13 mg/kg/d dissolved in corn oil) 
for 7 consecutive days (+ Niclo). Littermate F508del-cftr/F508del-cftr animals received corn oil only (−Niclo, 
control). Injections with Niclo were well tolerated and weight gain was normal. Animals were humanely killed 
and the intestine was stained for the presence of mucus using periodic acid–Schiff (PAS) reaction or alcian 
blue. When compared to wild type mice, enhanced PAS staining was found in the lumen of CF jejunum, which 
was attenuated in Niclo-treated animals (Fig. 5A,B). Quantitative analysis of alcian blue stained mucus showed 
significant inhibition of mucus production by intraperitoneal application of Niclo (Fig. 5C,D). Although less 
obvious, mucus staining by alcian blue was also reduced by Niclo in CF colon (Fig. 5E). Infiltration of colon 
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Figure 1.  Inhibition of ANO1 by niclosamide and benzbromarone in CFBE airway epithelial cells. (A) Current 
overlays showing activation of whole cell currents by ATP (10 µM), which was inhibited by niclosamide (Niclo; 
200 nM) and benzbromarone (Benz; 1 µM). (B,C) Corresponding current/voltage (I/V) relationships and 
current densities in the absence (n = 9) or presence of Niclo (n = 7) or Benz (n = 6). (D,E) Whole cell current 
overlays, I/V relationships and current densities of ANO1 activated by 1 µM ionomycin in the absence (n = 7) or 
presence of Niclo (n = 6) and Benz (n = 6). Mean ± SEM (number of experiments). *significant activation by ATP 
and ionomycin, respectively (p < 0.05; paired t-test). #significant inhibition by Niclo and Benz (p < 0.05; ANOVA 
& post hoc Bonferroni).
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by CD45 positive leukocytes was analysed and was found to be enhanced in F508del/F508del-cftr mice when 
compared to wild type mice.

Niclo treatment significantly reduced leukocyte infiltration, suggesting an anti-inflammatory effect of niclosa-
mide, as observed previously in mouse  airways22 (Fig. 6A,B). We also compared expression of ANO1 in wt and 
CF colon and detected weaker expression in CF (Fig. 6C,D). This finding could be related to the altered bronchial 
repair observed in CF, due to epithelial  dedifferentiation45,46. In summary, these data show for the first time that 
niclosamide inhibits intestinal obstruction and inflammation in vivo in animals carrying the most common 
CFTR-mutation. It may therefore resemble a drug that is potentially useful in the treatment of cystic fibrosis.

Inhibition of intestinal mucus secretion by benzbromarone in homozygous F508del-cftr rats
A rat model for cystic fibrosis was reported  recently43. Similar to homozygous F508del-cftr mice, homozygous 
F508del-cftr rats demonstrate a mild lung phenotype, but exhibit mucus hypersecretion in small  intestine43 
(Fig. 7A). These CF rats required permanent oral supply of ColonLytely (CoL) in order to avoid intestinal 
obstructions and  death43. We examined whether oral application of Benz reduces mucus secretion in small and 
large intestine of F508del-cftr rats. In fact, when Benz was provided with the feed for 60 days, CF rats could be 
maintained without oral supply of CoL, and mucus accumulation in jejunum was reduced (Fig. 7A,B).

Analysis of mucus secretion in the large intestine by PAS (Fig. 8A–C) or alcian blue (Fig. 8D–F) also revealed 
enhanced mucus secretion and crypt dilation in CF rats, which was normalized by treatment with Benz. In sum-
mary, these data suggest that augmented intestinal mucus production in CF rats and mice can be alleviated by 
benzbromarone and niclosamide, which both may prevent fatal gut obstructions. We conclude that niclosamide 
and benzbromarone may have the potential to improve animal welfare and are suggested as potential treatments 
for cystic fibrosis gut and lung disease.

Figure 2.  Effects of niclosamide on intracellular  Ca2+ in CFBE airway epithelial cells. (A) Changes of 
basal intracellular  Ca2+ concentrations  [Ca2+]i in CFBE airway epithelial cells by consecutive application 
of niclosamide (Niclo) at concentrations ranging from 0 to 500 nM. (B) Summary of basal  [Ca2+]i changes 
induced by application of different concentrations of Niclo (n = 5 for all). (C) Effect of 0 (n = 447), 1 (n = 232), 
10 (n = 213), 100 (n = 247), and 500 (n = 583) nM Niclo on ATP-induced (10 µM) increase in  [Ca2+]i. Cells were 
preincubated with Niclo for 5 min and was present throughout the experiment. (D) Summary of the ATP-
induced peak  [Ca2+]i (ER  Ca2+ store release) in the presence of increasing concentrations of Niclo. (E) Summary 
of the ATP-induced plateau  [Ca2+]i (SOCE). Mean ± SEM (number of cells analysed). *significant inhibition by 
Niclo (p < 0.05; ANOVA & post hoc Bonferroni).
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Figure 3.  Effects of benzbromarone on intracellular  Ca2+ in CFBE airway epithelial cells. (A) Change of basal 
intracellular  [Ca2+]i in CFBE airway epithelial cells by consecutive application of benzbromarone (Benz) at 
concentrations ranging from 10 to 10,000 nM (n = 5 for all). (B) Summary for  [Ca2+]i changes induced by 
application of different concentrations of Benz (n = 5 for all). (C) Effect of different concentrations of Benz 
on ATP-induced (10 µM) increase in  [Ca2+]i. Cells were preincubated with Benz for 5 min which was present 
throughout the experiment. (D) Summary of ATP-induced peak  [Ca2+]i increase in the presence of increasing 
concentrations of Benz (n = 5 for all). (E) Summary of the ATP-induced plateau  [Ca2+]i (SOCE). Mean ± SEM 
(number of cells analysed). *Significant inhibition by Benz (p < 0.05; ANOVA: & post hoc Bonferroni).

Figure 4.  Inhibition of mucus secretion by niclosamide and benzbromarone in airways of asthmatic 
mice. (A) Alcian blue staining of mucus in trachea and bronchioles from control animals and OVA-treated 
asthmatic mice stained by haematoxylin & eosin. Intratracheal instillation of 30 µM niclosamide (Niclo) or 
30 µM benzbromarone (Benz) dissolved in 100 µl saline, or 100 µl saline only (OVA) for 5 consecutive days. 
Bars = 20 µm. (B) Summary of alcian blue staining of airway mucus (blue colour intensity per section) in trachea 
(n = 5 animals/n = 16–19 sections analysed for each animal) and bronchioles (n = 5 animals/n = 16–19 sections 
analysed for each animal). Mean ± SEM. #Significant difference when compared to control (p < 0.05; ANOVA & 
post hoc Bonferroni).
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Discussion
The present results demonstrate reduced mucus secretion in airways and intestine by the common drugs niclosa-
mide and benzbromarone, which is probably due to inhibition ANO1 and intracellular  Ca2+ signals. Constitutive 
mucus secretion as well as mucus secretion elicited by secretagogues is driven by the  Cl− channel ANO1 and 
the phospholipid scramblase and ion channel ANO6, which are both highly expressed in goblet cells of airways 
and intestine. During inflammation, ANO1 and ANO6 are  upregulated4,47. ANO1 has been shown to upregu-
late intracellular submembraneous  Ca2+ levels which probably activates  Ca2+-sensitive proteins of the exocytic 
machinery, such as synaptotagmin and  Munc137,24,48. ANO1 also supports  Ca2+-dependent activation of ANO6, 
which was shown to support exocytosis and membrane  shedding49,50.

The drugs were applied at low concentrations, typically present in the plasma of treated patients. At ≥ 100 nM 
niclosamide caused a biphasic effect on intracellular  [Ca2+]i, which was also found in other  studies51,52. The 
authors of these reports argued that niclosamide does not block ANO1 but rather inhibits ANO1 indirectly by 
altering intracellular  Ca2+  signals26,27. However, in the present study ANO1 was also inhibited when activated by a 
 Ca2+ ionophore or by 1 µM  Ca2+ in the patch pipette, clearly suggesting a direct inhibition of ANO1 (Fig. 1). Nev-
ertheless, the present and previous data also demonstrate reduced basal  [Ca2+]i and inhibition of ATP-induced 
 Ca2+ store release by ANO1 blockers such as niflumic acid,  CaCCinh-AO128 or niclosamide. These ANO1 inhibi-
tors seem to cause a reduced  Ca2+ uptake into the ER, and thus lower ER store  content22,23,25. Notably, niclosamide 
had little effect on  [Ca2+]i when ANO1 expression was knocked  down25. Moreover, in mice suffering from poly-
cystic kidney disease, ANO1 expression and  Ca2+ signals were found to be upregulated, and both was reversed 
with knockout of  ANO153. These and other data indicate that ANO1 expression and function controls  [Ca2+]i

28.
ANO1 augments compartmentalized  Ca2+ signals by its ability to bind to  IP3 receptors, which are ER  Ca2+ 

release channels  (IP3R). Binding of ANO1 to  IP3R tethers the ER near the plasma  membrane28,34. This facilitates 
binding of  IP3 to  IP3R and augments  Ca2+ release. Moreover, activation of ANO1 may enhance the activity of 
 IP3R, thereby augmenting store release. These effects are suppressed in the presence of ANO1  inhibitors25. As 
 Ca2+ influx channels such as TRPV1 and TRPV4 also interact with ANO1, it is likely that  Ca2+ influx is shaped by 
expression and activity of  ANO135–38. TRPV4 channels are well expressed in CFBE airway epithelial cells, along 
with the ryanodine receptor RyR2, which lead to  Ca2+ store release when the membrane voltage is depolarized 
due to activation of ANO1 and efflux of  Cl−  ions54 (Fig. S1).

The present data demonstrate inhibition of mucus production/secretion by niclosamide and benzbromarone 
in airways and gut, yet the described effects on intracellular  Ca2+ may prevent their use in asthma and CF, or other 
diseases such as COVID-19, polycystic kidney disease, or  cancer55. It should be considered that niclosamide is 
on the WHO list of essential medicines and is very well tolerated when applied orally at the standard dose of 

Figure 5.  Inhibition of mucus secretion by niclosamide in intestine of homozygous F508del-cftr mice. 
(A) PAS staining of mucus in jejunum of a wild type mouse, and homozygous F508del-cftr mice treated by 
intraperitoneal injection of corn oil only (−Niclo) or niclosamide (13 mg/kg/d dissolved in corn oil) (+Niclo) for 
7 consecutive days. Tissue staining by haematoxylin & eosin. Bars = 400 µm. (B,C) Alcian blue staining of mucus 
in jejunum at lower and higher magnification. Bars = 400 µm and 50 µm, respectively. (D) Summary of alcian 
blue staining (blue colour intensity per section) (n = 5 animals/n = 18–19 sections analysed for each animal). 
(E) Alcian blue staining of mucus in colon of F508del-cftr/F508del-cftr mice. Mean ± SEM (number of animals/
number of sections analysed). #significant difference when compared to −Niclo (p < 0.05; unpaired t-test).
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2 g/day, which leads to plasma concentrations used in the present  study30. Recent clinical studies show that local 
airway application of even very large concentrations of niclosamide is well tolerated in human and  mouse4,23,56–58. 
Benzbromarone has been used for the treatment of gout for more than 30 years. The reported hepatotoxicity is 
rare and occurs only in 1:17,000  patients59, and thus withdrawal of benzbromarone from the market has been 
 questioned59. It was well tolerated when used in a recently finished pilot clinical trial with CF  patients60. (iii) 
Treatment of mice with the ANO inhibitors niclosamide, benzbromarone or Ani9, a more specific inhibitor of 
ANO1, was highly effective in reducing renal cyst growth and did not cause any obvious side  effects53. It may 
therefore be worthwhile to pursue these compounds in future clinical trials.

We conclude that well tolerated therapeutic concentrations of niclosamide and benzbromarone that cor-
respond to plasma levels of treated patients, inhibit ANO1 and intracellular  Ca2+ signals. The drugs may be 
useful in inhibiting mucus hypersecretion and mucus obstruction in airways and intestine of patients suffering 
from asthma and CF, respectively. Moreover, the present results show for the first time an inhibition of intes-
tinal mucus secretion and inflammatory symptoms in vivo in two independent animal models for CF. To our 
knowledge this is the first time that benzbromarone was applied to inflamed (asthmatic) airways in vivo, and 
a muco-inhibitory effect comparable to that of niclosamide was found. Because these compounds will reduce 
pulmonary and intestinal mucus load regardless of the underlying disease, they may be generally useful in the 
treatment of muco-obstructive diseases.

Figure 6.  CD45 positive cells and expression of ANO1 in colon of wild type and F508del/F508del-cftr mice. 
(A) CD45 staining of leukocytes (red fluorescence) in wild type and F508del/F508del-cftr colon in the absence 
or presence niclosamide treatment (Niclo). (B) Summary of the number of CD45-positive cells per section. 
(n = 3 animals/n = 18 sections analysed for each animal). (C) Immunostaining of ANO1 (green) and smooth 
muscle actin (SMA; red) in colon of wild type and F508del/F508del-cftr mice. Nuclei are stained by Hoe33342. 
(D) Summary of ANO1 expression (intensity of green fluorescence). (n = 3 animals/n = 12 sections analysed 
for each animal). Mean ± SEM (number of animals/number of sections analysed). #Significant difference when 
compared to wild type (p < 0.05; unpaired t-test).
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Methods
Animals
All animal experiments complied with the guidelines for animal research and were carried out in accordance 
with the ‘United Kingdom Animals Act, 1986’ and associated guidelines, as well as EU Directive 2010/63/EU 
for animal experiments. All animal experiments were approved by the local Ethics Committee of the Govern-
ment of Unterfranken/Wurzburg (AZ: 55.2.2-2532-2-1359-15), the University of Adelaide (M-2019-034), or 
by the animal welfare committee of Hannover Medical School and the Landesamt für Verbraucherschutz und 
Lebensmittelsicherhet, Abtl. Veterinärininstitut (LAVES) for Lower Saxony (Az. 33.14-42502-04-14/1549 and Az 
33.12-42502-04-19/3197) Breeding “stressed strains”, were conducted according to the guidelines of the Ameri-
can Physiologic Society, German Law for the Welfare of Animals or the National Health and Medical Research 
Council (Australia), and adhered to the ARRIVE guidelines.

Niclosamide and benzbromarone treatment of asthmatic mice
Ovalbumin sensitization has been described  earlier61. In brief, Mice were sensitized to OVA (MilliporeSigma) 
by intraperitoneal (i.p.) injection of 100 μg OVA with 1 mg aluminium hydroxide gel (MilliporeSigma) on days 
0 and 14. On days 21, 22, and 23, mice were anesthetized and challenged to OVA by intratracheal instillation 
(IT) of 50 μg OVA in 100 μL saline. Control mice were sham sensitized with saline and aluminium hydroxide 
gel (MilliporeSigma) and challenged by 100 μL saline IT. 30 µM niclosamide (Niclo) or 30 µM benzbromarone 
(Benz) were dissolved in 100 µl saline and were applied IT for 5 consecutive days. 100 µl saline only (OVA) served 
as control. We choose a 30 µM concentration, because in a recent phase 1 clinical trial a similar concentration of 
niclosamide was directly applied to human airways, which was well  tolerated58. Although this dose is high, one 
should consider that only a fraction of the drugs will reach airway epithelial cells, as they need to penetrate the 
airway mucus layer and will be also flushed away by the mucociliary clearance.

Generation, maintenance and characterisation of the CF mouse colony has been described in previous 
 studies62,63. In brief, the homozygous F508del-cftr mouse strain was maintained on low fibre enhanced fat diet 
and received a polyethylene glycol-containing laxative drinking solution as cited above. Mouse airways were 
fixed by transcardial perfusion and lung perfusion by tracheal instillation via tracheostomy of fixative solution 
containing 4% PFA in PBS. Tissues were left in fixative solution overnight and embedded in paraffin the next day. 
Mouse intestines were fixed by perfusion with 4% paraformaldehyde (PFA) and post-fixed in 0.5 mol/l sucrose, 
4% PFA solution. 5 µm sections were deparaffinized, stained with standard Alcian blue solution, and counter-
stained with Nuclear Fast Red solution (Sigma-Aldrich, St. Louis, MO, USA). Quantification of mucus stained 
by alcian blue or PAS was performed as recently by transferring images to the analysis program ImageJ FIJI 
version 1.53e (National Institute of Health and the Laboratory for Optical and Computational Instrumentation 
(LOCI, University of Wisconsin)23,64. Numbers form intensity readings were used for further statistical analysis.

Niclosamide treatment of F508del-cftr rats
Generation, maintenance and characterisation of the F508del-cftr rat colony has been detailed in a previous 
 paper43. The homozygous F508del-cftr rats were maintained on a 50:50 mix of normal (6.5%) and high-fat (9%) 
irradiated rodent chow (Envigo 2920X and 2919, Indianapolis, USA) and 4.5% ColonLytely (Dendy Pharma-
ceuticals, Australia) in drinking water. Initially a test run was performed using wildtype rats (n = 5) to validate 
that benzbromarone (5 mg/kg body weight) in jelly (Aeroplane Original Strawberry flavoured, Australia) was 
sufficiently palatable that the animals will consume it. Jelly was made up at per packet instruction; 10.6 g of jelly 

Figure 7.  Inhibition of mucus secretion by benzbromarone in F508del/F508del-cftr rat jejunum. (A) Alcian 
blue staining of mucus in jejunum from a wild type rat, a rat homozygous for F508del-cftr maintained on 
ColonLytely (CoL), and a homozygous F508del-cftr rat treated with benzbromarone (Benz; 5 mg/kg body 
weight in drinking water for 60 days). Tissue staining by haematoxylin & eosin. (B) Summary of alcian 
blue intensity in cells (WT 2 animals/40 sections analysed; F508del + CoL 3 animals/45 sections analysed; 
F508del + Benz 6 animals/42 sections analysed) and lumen of jejunum (WT 2 animals/40 sections analysed; 
F508del + CoL 3 animals/45 sections analysed; F508del + Benz 6 animals/42 sections analysed). Mean ± SEM 
(number of animals/number of sections analysed). #significant difference when compared to WT (p < 0.05; 
ANOVA & post hoc Bonferroni). §significant difference when compared to F508del/F508del + CoL (p < 0.05; 
ANOVA & post hoc Bonferroni).
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powder, 31.25 mL boiling water, and 25 mL cold water. Once the jelly cooled and began to solidify, 31.25 mg of 
benzbromarone was mixed into the 62.5 g jelly. Rats were fed a dose of 5 mg benzbromarone/kg body weight/day. 
Five adult CF rats were switched to receive benzbromarone and ColonLytely in drinking water as a combined 
therapy, which did not cause adverse reactions. CF rats were weaned onto benzbromarone only, without receiving 
ColonLytely (F508del/F508del + Benz; n = 8). Due to animal welfare concerns we did not include a no-treatment 
(i.e. water only) CF animal group, as these animals would likely suffer rapid fatal gut obstructions. Instead, CF 
rats fed with ColonLytely without benzbromarone served as controls (F508del/F508del + CoL; n = 6). Weight gain 
of all animals was assessed daily, and all animals were carefully monitored for the development of symptoms of 
intestinal blockage. After 60 days, animals were killed by  CO2 asphyxiation and the intestine was removed for 
macroscopic inspection, fixed in 10% formalin for at least 24 h and was embedded in paraffin.

Immunohistochemistry
Five µm sections were deparaffinized and incubated afterwards with primary ANO1-antibody in 0.5% BSA 
and 0.04% Triton X-100 overnight at 4 °C, followed by incubation with Alexa Fluor 488 labelled donkey anti-
rabbit IgG (Invitrogen). Affinity-purified polyclonal antiserum against mouse Ano1 was produced in rabbits 
immunized with (mouse) NHSPTTHPEAGDGSPVPSYE (aa957-976, C-terminus) coupled to keyhole limpet 
hemocyanin (Davids Biotechnologie, Regensburg, Germany). Infiltration by immune cells was assessed using 
the pan-leukocyte marker CD45. Sections were counterstained with Hoe33342 (Sigma-Aldrich) for nuclei visu-
alisation. Immunofluorescence was detected using an Axiovert 200 microscope equipped with ApoTome and 
Axio-Vision (Zeiss, Germany).

Figure 8.  Inhibition of mucus secretion by benzbromarone in F508del/F508del-cftr rat colon. (A) PAS 
staining of mucus in colonic crypts of a wild type rat (WT), and rats homozygous for F508del-cftr maintained 
on ColonLytely (CoL) or treated with benzbromarone (Benz; 5 mg/kg body weight in drinking water for 
60 days). (B,C) PAS intensity in intestinal crypt cells (black arrows) (WT 4 animals/45 sections analysed; 
F508del + CoL 6 animals/58 sections analysed; F508del + Benz 6 animals/60 sections analysed) and in extended 
crypt lumen (yellow arrow) (WT 4 animals/43 sections analysed; F508del + CoL 6 animals/54 sections analysed; 
F508del + Benz 6 animals/57 sections analysed). (D) Alcian blue staining of mucus in colonic crypts (WT 2 
animals/40 sections analysed; F508del + CoL 3 animals/45 sections analysed; F508del + Benz 6 animals/42 
sections analysed) and lumen (WT 2 animals/40 sections analysed; F508del + CoL 3 animals/45 sections 
analysed; F508del + Benz 6 animals/42 sections analysed) of a wild type rat (WT), and F508del/F508del-cftr rats 
maintained on CoL or treated with Benz. Tissue staining by haematoxylin & eosin. Mean ± SEM (number of 
animals/number of sections analysed). #significant difference when compared to WT (p < 0.05; ANOVA & post 
hoc Bonferroni). §significant difference when compared to F508del/F508del + CoL (p < 0.05; ANOVA & post hoc 
Bonferroni).
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Cells
Culture conditions for the CFBE41o- cell line has been described  earlier22. In brief, CFBE41o-  cells65 were grown 
in MEM with Earle’s Salts and l-Glutamine medium (Capricorn Scientific, Ebsdorfergrund, Germany) sup-
plemented with 10% fetal bovine serum. Cells were grown at 37 °C in the absence of antibiotics in a humidified 
atmosphere with 5%  CO2. For experiments, cells were grown on glass coverslips and subsequently mounted into 
a perfused bath on the stage of an inverted microscope (Zeiss, Axiovert 200).

Ca2+ measurements
Measurement of cytosolic  Ca2+ changes were performed as described  recently66. In brief, CFBE cells were loaded 
with 2 μM Fura2-AM (BIOZOL, Eching, Germany) in OptiMEM (Gibco, Thermo Fisher Scientific) with 0.02% 
Pluronic F-127 (Invitrogen, Thermo Fisher Scientific,) in ringer solution (mmol/l: NaCl 145;  KH2PO4 0.4; 
 K2HPO4 1.6; Glucose 5;  MgCl2 1;  Ca2+-Gluconat 1.3) for 1 h at room temperature. Fluorescence was detected 
in cells perfused with Ringer’s solution at 37 °C using an inverted microscope (Axiovert S100, Zeiss, Germany) 
and a high-speed polychromator system (VisiChrome, Puchheim, Germany). Fura2 was excited at 340/380 nm, 
and the emission was recorded between 470 and 550 nm using a CCD camera (CoolSnap HQ, Visitron Sys-
tems, Germany).  [Ca2+]i was calculated from the 340/380 nm fluorescence ratio after background subtraction. 
The formula used to calculate  [Ca2+]i was  [Ca2+]i = Kd × (R − Rmin)/(Rmax − R) × (Sf2/Sb2), where R is the 
observed fluorescence ratio. The values Rmax and Rmin (maximum and minimum ratios) and the constant Sf2/
Sb2 (fluorescence of free and  Ca2+-bound Fura-2 at 380 nm) were calculated using 2 μmol/L ionomycin (Biomol 
GmbH, Hamburg, Germany) and 5 mmol/L EGTA to equilibrate intracellular and extracellular  Ca2+ in intact 
Fura-2-loaded cells. The dissociation constant for the Fura-2•Ca2+ complex was taken as 224 nmol/L67. Control of 
experiment, imaging acquisition, and data analysis were done with the software package Meta- Fluor (Universal 
imaging, USA). When using the niclosamide or benzbromarone, inhibitors were applied 5 min before starting 
the experiment. They were present throughout the experiment.

Patch clamp
Cells used for patch clamp experiments were grown on coated glass coverslips. Coverslips were mounted in a 
perfused bath chamber on the stage of an inverted microscope (IM35, Zeiss) and kept at 37 °C. 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 standard bicarbonate-free Ringer’s solution (in 
mM: NaCl 145,  KH2PO4 0.4,  K2HPO4 1.6, Glucose 5,  MgCl2 1,  Ca2+—Gluconate 1.3) at a rate of 4 ml/min. Patch 
pipettes had an input resistance of 3–5 MΩ and whole-cell currents were corrected for serial resistance. Cur-
rents were recorded using a patch clamp amplifier EPC9, and PULSE software (HEKA, Lambrecht, Germany) 
as well as Chart software (AD Instruments, Spechbach, Germany). Cells were stimulated with 1 μM ATP in the 
absence and presence of TRAM34. In regular intervals, membrane voltage (Vc) was clamped in steps of 20 mV 
from − 100 to + 100 mV from a holding voltage of − 100 mV. The current density was calculated by dividing 
whole- cell currents by cell capacitance.

Materials and statistics
All compounds used were of highest available grade of purity and were purchased from Sigma/Aldrich (Deisen-
hofen, Germany). Data are reported as mean ± SEM. Student’s t test (for unpaired samples) or one-way ANOVA 
was used for statistical analysis. A P value less than 0.05 was accepted as a significant difference.

Data availability
Original data and materials are available on request. Please contact Prof. Dr. Karl Kunzelmann (karl.kunzel-
mann@ur.de).
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