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The TMEM16A blockers benzbromarone and MONNA cause intracellular 
Ca2+-release in mouse bronchial smooth muscle cells 

Ritu Dwivedi a, Bernard T. Drumm a, Tuleen Alkawadri a, S. Lorraine Martin b, Gerard 
P. Sergeant a, Mark A. Hollywood a, Keith D. Thornbury a,* 

a Smooth Muscle Research Centre, Dundalk Institute of Technology, Dublin Road, Dundalk, Co. Louth, Ireland 
b School of Pharmacy, Queen’s University Belfast, Belfast, United Kingdom  

A B S T R A C T   

We investigated effects of TMEM16A blockers benzbromarone, MONNA, CaCCinhA01 and Ani9 on isometric contractions in mouse bronchial rings and on intra
cellular calcium in isolated bronchial myocytes. Separate concentrations of carbachol (0.1–10 μM) were applied for 10 min periods to bronchial rings, producing 
concentration-dependent contractions that were well maintained throughout each application period. Benzbromarone (1 μM) markedly reduced the contractions 
with a more pronounced effect on their sustained component (at 10 min) compared to their initial component (at 2 min). Iberiotoxin (0.3 μM) enhanced the 
contractions, but they were still blocked by benzbromarone. MONNA (3 μM) and CaCCinhA01 (10 μM) had similar effects to benzbromarone, but were less potent. In 
contrast, Ani9 (10 μM) had no effect on carbachol-induced contractions. 

Confocal imaging revealed that benzbromarone (0.3 μM), MONNA (1 μM) and CaCCinhA01 (10 μM) increased intracellular calcium in isolated myocytes loaded 
with Fluo-4AM. In contrast, Ani9 (10 μM) had no effect on intracellular calcium. Benzbromarone and MONNA also increased calcium in calcium-free extracellular 
solution, but failed to do so when intracellular stores were discharged with caffeine (10 mM). Caffeine was unable to cause further discharge of the store when 
applied in the presence of benzbromarone. Ryanodine (100 μM) blocked the ability of benzbromarone (0.3 μM) to increase calcium, while tetracaine (100 μM) 
reversibly reduced the rise in calcium induced by benzbromarone. 

We conclude that benzbromarone and MONNA caused intracellular calcium release, probably by opening ryanodine receptors. Their ability to block carbachol 
contractions was likely due to this off-target effect.   

1. Introduction 

Ca2+-activated Cl− channels serve many functions including 
exocrine secretion, airway epithelial hydration, mucociliary clearance, 
neuronal and cardiac excitability, sensory signal transduction and 
smooth muscle excitation (Liu et al., 2021). The molecular identity of 
these channels was unknown for several decades, but in 2008 three in
dependent research groups provided evidence that it was TMEM16A, a 
transmembrane protein with previously unknown function (Caputo 
et al., 2008; Schroeder et al., 2008; Yang et al., 2008). Since then, 
cryo-electron microscopy and molecular modelling have elucidated the 
structure-function relationships of the channel pore (Paulino et al., 
2017a, 2017b) and research has established the distribution of 
TMEM16A in a range of tissues that express Ca2+-activated Cl− currents 
(Liu et al., 2021). Altered expression or function of TMEM16A is 
implicated in hypertension, gastrointestinal motility disorders (Liu 
et al., 2021), asthma (Zhang et al., 2013; Miner et al., 2019), cystic 
fibrosis (Danahay et al., 2020a, 2020b; Galietta, 2022), neuropathic 

pain (Deba and Bessac, 2015; Takayama et al., 2015) and cancer (Liu 
et al., 2021). Consequently, TMEM16A is an attractive drug target for 
many human diseases, fuelling research to develop new small molecule 
channel modulators with higher potency and fewer off-target effects 
than conventional blockers, such as niflumic acid, DIDS (4,49-diiso
thiocyanatostilbene-2,29-disulfonic acid), NPPB (5-nitro-2-(3-
phenylpropylamino) benzoic acid) and 9AC (9-anthracene carboxylic 
acid). These compounds are generally of low potency and have many 
off-target effects including modulating intracellular Ca2+-release (see 
Discussion), activation of large conductance Ca2+-activated K+ channels 
(BKCa) channels (Ottolia and Toro, 1994; Greenwood and Large, 1995), 
block of Kv4 channels (Wang et al., 1997), L-type Ca2+ channel inhibi
tion (Fedigan et al., 2017; Hannigan et al., 2017) and paradoxical 
activation of Ca2+-activated Cl− channels (Greenwood and Leblanc, 
2007; Bradley et al., 2014). High throughput screening of both ‘repur
posed’ and novel compounds identified a ‘second generation’ of 
TMEM16A channel modulators, with higher potencies including 
T16Ainh-A01, CaCCinhA01, MONNA, niclosamide and Ani9 (De La 
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Fuente et al., 2008; Namkung et al., 2011; Huang et al., 2012; Seo et al., 
2016; Miner et al., 2019). However, the selectivity of some of these 
compounds has already been questioned. Boedtkjer et al. (2015) showed 
that T16Ainh-A01, CaCCinhA01 and MONNA caused vasorelaxation in 
the absence of extracellular Cl− , suggesting that their action did not 
depend on blocking Cl− channels (Boedtkjer et al., 2015). Also, both 
T16Ainh-A01 and CaCCinhA01 blocked L-type Ca2+ current, though the 
extent of this seemed to be tissue specific (Cobine et al., 2017; Fedigan 
et al., 2017; Hannigan et al., 2017). Niclosamide can cause Ca2+-release 
from intracellular stores and on some published records CaCCinhA01 
caused an elevation of intracellular Ca2+ (Fedigan et al., 2017; Centeio 
et al., 2020). 

At the outset of this study, we began to investigate reported dis
crepancies in the role of TMEM16A channels in cholinergic contractions 
of airway smooth muscle. Several studies showed that benzbromarone 
blocked cholinergic responses in airway smooth muscle (Huang et al., 
2012; Zhang et al., 2013; Danielsson et al., 2015). However, despite the 
fact that TMEM16A is expressed in airway smooth muscle, knockout of 
Ano1, the gene encoding TMEM16A, resulted in little loss of cholinergic 
responses (Wang et al., 2018). Initially, we speculated that this 
discrepancy was accounted for by differences in experimental protocols, 
as our data showed that transient responses to short applications of 
agonist were blocked less effectively than prolonged contractions in 
response to longer applications. However, we found that three blockers 
(benzbromarone, MONNA and CaCCinhA01) had a profound off-target 
effect on intracellular Ca2+ regulation. As these drugs are widely used 
as pharmacological tools to investigate the role of TMEM16A channels 
in many tissues, any lack of specificity may lead to serious errors in 
interpretation. Hence, we now report evidence that questions the spec
ificity of these compounds. 

2. Materials and methods 

2.1. Tissue dissection and cell isolation 

All procedures were carried out in accordance with current EU 
legislation and with the approval of Dundalk Institute of Technology 
Animal Care and Use Committee (approval 201219). Male and female 
C57BL/6 mice (10–16 weeks old) were euthanized by intraperitoneal 
injection of pentobarbitone, and the lungs removed and placed in 
oxygenated Krebs solution (Solution A). The bronchial tree was exposed 
by sharp dissection under a microscope to remove surrounding blood 
vessels and lung tissue. The primary bronchi were removed and cut into 
small pieces and placed in Hanks Ca2+-free solution (Solution B). 

Single airway smooth muscle cells were isolated using a collagenase/ 
proteinase mixture consisting of (per 5 mL of Hanks Ca2+-free solution): 
15 mg/ml of collagenase (type II, Sigma Aldrich), 10 mg/ml bovine 
serum albumin (Sigma Aldrich), 10 mg/ml trypsin inhibitor (Sigma 
Aldrich) and 1 mg/ml proteinase (Sigma Aldrich). Tissue dissection was 
performed in Ca2+-free Hanks solution (Solution B). Isolated bronchi 
were finely chopped into fragments and placed in a Nunclon dish con
taining Ca2+-free solution, for 5–10 min at room temperature. Tissue 
fragments were then transferred to a glass test tube for enzymatic cell 
dispersal, which was performed in two steps. First, tissue fragments were 
incubated in the primary dispersal medium comprising collagenase, 
bovine serum albumin and trypsin inhibitor dissolved in Ca2+-free 
Hanks for 4 min at 37 ◦C. Next, the secondary dispersal solution con
taining 1 mg/ml proteinase in Ca2+-free Hanks was added to the primary 
medium and incubated for a further 3 min at 37 ◦C. During the dispersal, 
tissue fragments were mechanically stirred using a magnetic stir bar and 
gently triturated using a glass pipette to aid the release of single airway 
smooth muscle cells. After 7 min of treatment with the enzyme mixture, 
the solution was centrifuged for 30 s. The supernatant was discarded and 
Ca2+-free Hanks was used to wash the enzyme treated tissue fragments. 
The glass tube containing tissue fragments and 4 ml of Ca2+-free Hanks 
was placed in a water bath (37 ◦C) and the solution was gently triturated 

for 10 min to isolate airway smooth muscle cells. Isolated cells were 
stored at 4 ◦C and utilised within the same day. 

2.2. Isometric tension recordings 

Rings, 1–2 mm in length, from mouse primary bronchi were mounted 
in water-jacketed organ baths, perfused with warmed Krebs solution 
(Solution A) and, adjusted to 5 mN tension (based on previous pilot 
experiments) and allowed to equilibrate for 40 min. Isometric contrac
tions were measured using a Myobath system and data were acquired 
using DataTrax 2 software (WPI, Hitchin, Hertfordshire, UK). Drugs 
were made up to a stock concentration in an appropriate solvent, as per 
the manufacturer specifications. Stock solutions were then delivered to 
the organ bath, where they were diluted in Krebs solution to their final 
concentration. All isometric tension experiments presented in this study 
were carried out in the presence of indomethacin (COX 1/2 inhibitor, 10 
μM) to prevent modulation caused by release of endogenous prosta
glandins from epithelial cells (Butler et al., 1987). 

2.3. Ca2+ imaging 

Cells were plated and incubated in 0.4 μM fluo-4AM (Molecular 
Probes) for 6–8 min at room temperature in Hank’s Ca2+-free solution to 
which 100 μM Ca2+ was added. During experiments, dishes containing 
cells were continuously perfused with Hanks solution (Solution C) at 35 
± 2 ◦C. Additionally, the cell under study was continuously superfused 
with Hanks solution by means of a custom built close delivery system 
with a pipette tip diameter of 200 μm placed approximately 300 μm 
from the cell. The Hanks solution in the close delivery system could be 
switched to a drug-containing solution with a dead-space time of less 
than 5 s. 

Cells were imaged using an iXon 887 EMCCD camera (Andor Tech
nology, Belfast, UK; 512 x 512 pixels, pixel size 16 x16 μm) coupled to a 
Nipkow spinning disk confocal head (CSU22, Yokogawa, Japan). A solid 
state 50 mW 488 nM laser (ANDOR Technology) was used to excite Fluo- 
4 and the emitted light was detected at wavelengths >510 nm. Experi
ments were performed using a x60 objective (Olympus) resulting in 
images of pixel size 0.266 x 0.266 μm. Images were acquired at 15 
frames per second (FPS) and analysed using ImageJ software (version 
1.48, National Institutes of Health, Bethesda, MD) as described previ
ously (Drumm et al., 2019a). Background fluorescence from the camera, 
obtained using a null frame, was subtracted from each frame to obtain 
‘F’. F0 was determined as the minimum fluorescence measured between 
Ca2+ responses. To obtain post-hoc pseudo line-scan images for display in 
figures, a one pixel thick line was drawn centrally through the entire 
length of the cell and the “Reslice” command in Image J was invoked. 
Plots of the fluorescence (F) were normalized by dividing by F0. Plots of 
F/F0 against time were obtained from the post-hoc line-scan by drawing a 
rectangle around the entire area of the line-scan image and plotting the 
intensity profile in Image J. The amplitudes of Ca2+ events were ob
tained from the intensity profile plot as the change in F/F0 units, ΔF/F0, 
measured as the difference between the peak and baseline. 

2.4. Solutions 

The following solutions were used. Concentrations in mM are given 
in parentheses.  

A. Krebs Solution for isometric tension recording (mM): NaCl (120), KCl 
(5.9), NaHCO3 (25), NaH2PO4.2H2O (1.2), glucose (5.5), MgCl2 
(1.2), CaCl2 (2.5), pH was adjusted to 7.4 by bubbling the solution 
with 95% O2 – 5% CO2 continuously.  

B. Ca2+ free Hanks solution for cell dispersal (mM): NaCl (125), KCl 
(5.4), glucose (10), sucrose (2.9), NaHCO3 (4.2), KH2PO4 (0.4), 
NaH2PO4 (0.3), HEPES (10). pH was adjusted to 7.4 using NaOH. 
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C. Hanks, bath solution for Ca2+ imaging (mM): NaCl (125), KCl (5.36), 
glucose (10), sucrose (2.9), NaHCO3 (4.17), KH2PO4 (0.44), 
NaH2PO4 (0.33), MgCl2.6H2O (0.5), CaCl2.2H2O (1.8), MgSO4.7H2O 
(0.4), HEPES (10), pH adjusted to 7.4 with NaOH.  

D. Ca2+ free Hanks superfusate solution (mM): NaCl (125), KCl (5.36), 
glucose (10), sucrose (2.9), NaHCO3 (4.17), KH2PO4 (0.44), 
Na2HPO4 (0.33), MgCl2.6H2O (2.3), EGTA (5.0), MgSO4.7H2O (0.4), 
HEPES-free acid (10), pH to 7.4 with NaOH. 

2.5. Drugs 

Carbachol, ryanodine and tetracaine (Sigma-Aldrich), benzbromar
one, CaCCinhA01, MONNA and Ani9 and cyclopiazonic acid (CPA) 
(Tocris), iberiotoxin (Smartox), nifedipine (Ascent Scientific), indo
methacin (Abcam). Carbachol, tetracaine and iberiotoxin were solubi
lised in water. Dimethyl sulfoxide (DMSO) was used to solubilise 
benzbromarone, CaCCinhA01, MONNA, Ani9, ryanodine and CPA. The 
maximal concentration of DMSO in these cases (except ryanodine) was 
0.1%. For ryanodine, the maximal concentration of DMSO was 1%. 
Ethanol was used to solubilise nifedipine and indomethacin. The 
maximal concentration of ethanol was 0.1%. The maximal DMSO and 
ethanol, in concentrations used to solubilise drugs, had no effect on 

tension or intracellular Ca2+. 

2.6. Statistical analysis 

With the exception of the data in Fig. 4B & C, experimental data sets 
were performed on a minimum of six animals (N). In Fig. 4B and C, 6 
cells from 3 animals were used. Data were analysed using Graphpad 
Prism software. Summarised data are presented as mean ± standard 
error of the mean (SEM). Tension graphs were compared using 2-way 
ANOVA, with Bonferroni’s post hoc test. Ca2+-imaging data 
comprising 2 sets were compared using Wilcoxon’s matched pairs signed 
rank test, while data comprising 3 sets were compared using Friedman’s 
test followed by Dunn’s test for multiple comparisons. Differences were 
considered as statistically significant if p < 0.05. 

3. Results 

3.1. Effect of TMEM16A blockers on isometric tension 

The effect of benzbromarone (1 μM), a TMEM16A blocker, was 
examined on contractures of mouse bronchi induced by carbachol (CCh, 
0.1–10 μM), where each CCh concentration was applied separately for 

Fig. 1. Effect of benzbromarone on carbachol- 
induced contractions. A, isometric tension recording 
taken from a bronchial ring response to separate 10 
min applications of carbachol (CCh; 0.1–10 μM) in 
control conditions (upper panel) and in the presence 
of benzbromarone (1 μM; lower panel). B, summary 
of the effect of benzbromarone on the carbachol 
concentration-effect curve for initial contractions 
(measured after 2 min exposure to carbachol) and the 
sustained contraction (Sust; measured at the end of 
10 min exposure to carbachol), n = 6 bronchial rings 
from 6 animals. C, separate applications of increasing 
concentrations of carbachol (0.1–10 μM) in control 
(top panel), iberiotoxin (0.3 μM; middle panel) and 
benzbromarone and iberiotoxin (1 μM; bottom 
panel). D, summary of the effect of benzbromarone on 
the carbachol in the presence of iberiotoxin, n = 6 
bronchial rings from 6 animals. Format as in B. *P <
0.0001, +P < 0.02.   
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10 min and then washed out. Fig. 1A shows that each concentration of 
CCh produced a well-sustained contraction. Sometimes the initial phase 
of the contraction was of smaller amplitude than the contraction 
measured at the end of the 10 min, as in Fig. 1A (and Fig. 2C), although 
at times the initial phase was greater (e.g. Figs. 1C and 2A). After 
washout of 10 μM CCh, benzbromarone was then applied for 30 min 
before repeating the CCh applications. Benzbromarone effectively 
reduced the responses to all concentrations of CCh and, notably, it had 
more effect on the sustained component of contraction than the initial 
phase, except at 0.1 μM of CCh, where it was equally effective on both 
components. Data from six experiments are presented in Fig. 1B, where 
benzbromarone significantly reduced the responses to CCh at all con
centrations, again with greater effect on the sustained components of the 
contractions. 

As several blockers of Ca2+-activated Cl− channels, including benz
bromarone, have been shown to directly activate BKCa channels (Ottolia 
and Toro, 1994; Gao et al., 2023), a series of experiments were per
formed to examine benzbromarone’s effects in the presence of iber
iotoxin (0.3 μM), a potent BKCa channel-inhibitor. Fig. 1C shows the 
effect of CCh applications, first in the absence of iberiotoxin (top panel), 
then in its presence (middle panel) and then in the presence of iber
iotoxin and benzbromarone (bottom panel). Iberiotoxin greatly poten
tiated the CCh contractions, especially at lower concentrations of CCh 
(Fig. 1C–D). Benzbromarone effectively blocked all of these enhanced 
contractions (Fig. 1C–D), indicating that its effect was not mediated by 
opening BKCa channels. 

Two other TMEM16A inhibitors, MONNA (3 μM) and CaCCinhA01 
(10 μM) had broadly similar blocking effects to benzbromarone, 
although they were less potent (Fig. 2A–B and Figs. S1A and S2B). In 
contrast, Ani9, even in high concentration (10 μM) relative to its IC50 for 
TMEM16A (0.1 μM (Seo et al., 2016)), had no effect on CCh contractions 
at any concentration of the agonist (Fig. 2C–D). Wang et al. (2018) 
showed that in TMEM16A knockout mice, cholinergic responses were 
well-preserved in airway smooth muscle but responses to other agonists, 
including U-44619, a thromboxane agonist, were severely impaired 
(Wang et al., 2018). Therefore, we checked if Ani9 was able to antag
onise contractions in response to this agonist. U-44619 (0.1 μM) typi
cally caused phasic contractions which were effectively antagonised by 
Ani9 (3 μM; Fig. S2). Hence, the lack of effect of Ani9 against CCh 
contractions could not be attributed to lack of tissue potency of this 
compound. 

The lack of contractile impairment from cholinergic agonists in 
TMEM16A knockout mice (Wang et al., 2018), combined with the fact 
that in the present study, Ani9 had no effect on CCh-induced contrac
tions in wild type mice, led us to suspect that the inhibition produced by 
the other three blockers was due to off-target effects. This was reinforced 
by the finding that they were equally effective at blocking cholinergic 
contractions after exposing the tissue to nifedipine (Fig. S3). If, as has 
been assumed, TMEM16A channels cause bronchoconstriction by 
depolarising the smooth muscle cell membrane and activating L-type 
Ca2+ channels, then TMEM16A blockers should have no further action 
after blocking L-type channels. 

Fig. 2. Effect of MONNA and Ani9 on carbachol- 
induced contractions. A, isometric tension recording 
of contractions in response to separate 10 min appli
cations of carbachol (CCh; 0.1–10 μM) in control 
conditions (upper panel) and in the presence of 
MONNA (3 μM; lower panel). B, summary of the ef
fect of MONNA on the carbachol concentration-effect 
curve. Initial contractions and sustained (Sust) con
tractions defined as in Fig. 1B, n = 6 bronchial rings 
from 6 animals. C, contractions in response to 
carbachol (0.1–10 μM) in control conditions (upper 
panel) and in the presence of Ani9 (10 μM; lower 
panel). D, summary of the effect of Ani9 on the 
carbachol concentration-effect curve, n = 6 bronchial 
rings from 6 animals. *P < 0.0001, +P < 0.01.   
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3.2. Effect of TMEM16A blockers on cytosolic Ca2+

Since several TMEM16A blockers have been observed to modulate 
intracellular Ca2+ (see Discussion), we decided to examine the effects of 
the TMEM16A compounds on cytosolic [Ca2+] in isolated cells. Fig. 3A 
shows a pseudolinescan image obtained an isolated bronchial smooth 
muscle cell recording and below this is a profile plot of the changes 
cytosolic Ca2+ on the same time scale, normalized to resting level as F/ 
F0. Benzbromarone (0.3 μM) was applied three times for 30 s, and each 
time it caused a reversible increase in F/F0. In six similar experiments, 
benzbromarone caused reproducible elevations in Ca2+ (ΔF/F0) over the 

3 applications (Fig. 3B). Preliminary experiments also showed that 
benzbromarone at 1 μM resulted in an elevated cytosolic Ca2+, but this 
was slow to wash out over the time course of the experiment. Next, we 
determined if the effect of benzbromarone was due to increased Ca2+

entry across the plasma membrane, or if it could be explained by release 
from intracellular Ca2+ stores. Fig. 3C shows an example, where benz
bromarone (0.3 μM) was applied first in normal extracellular Ca2+, then 
after 30 s exposure to Ca2+-free conditions and then again in normal 
Ca2+. Application of the Ca2+-free solution decreased basal Ca2+. When 
benzbromarone was applied under this condition it still produced an 
increase in F/F0. Data from six similar experiments are presented in 

Fig. 3. Effect of benzbromarone (Benz) and MONNA 
on intracellular Ca2+. A, pseudolinescan (upper 
panel) derived from a movie showing the effect of 
three applications of benzbromarone (0.3 μM) to a 
single bronchial myocyte. The amplitudes of Ca2+

events are shown in the intensity profile plot (lower 
panel), derived from the linescan in F/F0 units. B, 
summary of the effect of 3 successive applications of 
benzbromarone, n = 6 cells from 6 animals. C, effect 
of Ca2+-free extracellular solution on the effect of 
benzbromarone. The 1st and 3rd applications of 
benzbromarone were in normal extracellular Ca2+, 
while the 2nd application was in Ca2+-free condi
tions. D, summary of the effect of Ca2+-free extra
cellular solution on the effect of benzbromarone, n =
6 cells from 6 animals. The 1st (Control) and 3rd 
(Wash) applications were in normal Ca2+, while the 
2nd was in Ca2+-free. E, effect of 3 applications of 
MONNA (1 μM) in a single myocyte, format as in A. F, 
summary of the effect of 3 application of MONNA to 
single cells, n = 6 cells from 6 animals, format as in B. 
G, effect of Ca2+-free extracellular solution on the 
effect of MONNA. Format as in C. H, summary of the 
effect of Ca2+-free extracellular solution on the effect 
of MONNA, n = 7 cells from 7 animals. Format as in 
D. NS = no statistically significant difference.   
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Fig. 3D, where there was no difference if benzbromarone applied in 
normal extracellular Ca2+ (Control), Ca2+-free solution or following 
restoration of extracellular Ca2+ (Wash). These results strongly suggest 
that the effect was due to release of Ca2+ from intracellular stores. 
MONNA (1 μM) also elicited similar reproducible increases in cytosolic 
Ca2+ to benzbromarone (Fig. 3E–F), and these also were evident in Ca2+- 
free extracellular bath solution. Although the ΔF/F0 appeared slightly 
reduced in the example shown, the effect of MONNA was still substantial 
(Fig. 3G). Overall, no significant differences were found in six experi
ments (Fig. 3H). 

To further investigate the effect of the store on the response to 
benzbromarone, the effect of CPA, a SERCA pump blocker was tested. 
First, the effects of benzbromarone (0.3 μM) and caffeine (10 mM), 
which is known to open ryanodine receptors and release Ca2+, were 
compared (Fig. 4A). Both caused an elevation in Ca2+ though, notably, 
the effect of caffeine was much greater. On washout of caffeine, CPA (10 
μM) was applied to prevent Ca2+ refilling of the sarcoplasmic reticulum, 
and then the caffeine and benzbromarone applications were repeated. 
Both responses were greatly attenuated in the presence of CPA. The 
effects of CPA on caffeine and benzbromarone responses in 6 cells are 

Fig. 4. A-C, Effect of CPA on Ca2+ elevations elicited 
by benzbromarone (Benz) and caffeine (Caff). A, 
pseudolinescan (upper panel) derived from a movie 
showing the effect of benzbromarone (0.3 μM) and 
caffeine (10 mM) on a single bronchial myocyte. After 
wash of caffeine, CPA (10 μM) was applied and the 
caffeine and benzbromarone applications were 
repeated. The amplitudes of Ca2+ events are shown in 
the intensity profile plot (lower panel), were derived 
from the linescan in F/F0 units. B & C, summaries of 
the effect of CPA on the caffeine and benzbromarone 
responses in n = 6 cells from 3 animals. D & E, effect 
of Ani9 (10 μM) on intracellular Ca2+. D, Psuedoli
nescan (upper panel) derived from a movie showing 
the effect of Ani9 (10 μM) to a single bronchial 
myocyte for 30 s. For comparison, caffeine (10 mM) 
was added after wash out of Ani 9. The amplitudes of 
Ca2+ events are shown in the intensity profile plot 
(lower panel), were derived from the linescan in F/F0 
units. E, summary of the effect of Ani9, n = 6 cells 
from 6 animals. The decrease in Ca2+ in the presence 
of Ani9 was trivial (<7%), but statistically significant 
as shown (Wilcoxon matched-pairs signed rank test).   
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summarised in Fig. 4B & C. We also demonstrated that CaCCinhA01 (10 
μM) could increase cytosolic Ca2+, but we did not study this effect 
further (Fig. S4). In contrast, Ani9 (10 μM) did not increase intracellular 
Ca2+ (Fig. 4D & E). 

The effects of benzbromarone and MONNA on cytosolic Ca2+ were 
studied further following depletion of the sarcoplasmic reticulum with 
caffeine. Fig. 5A shows a record where caffeine (10 mM) caused a typical 
sharp increase in cytosolic Ca2+, followed by a slowly declining plateau 
that persisted during caffeine exposure. On wash out, the Ca2+ returned 
to the basal level. The caffeine application was repeated approximately 
3 min later (indicated by the gap in the record) and this time benz
bromarone was applied during the plateau phase, when the store would 
be expected to be Ca2+-depleted. In this condition, benzbromarone (0.3 
μM) elicited little or no further increase in Ca2+, consistent with the 
conclusion that its effect depended on Ca2+ release from the store. A 
summary eight similar experiments confirmed this result, where there 
was no significant difference in the ΔF/F0 during the plateau phase of 
the caffeine response in the presence or absence of benzbromarone 
(Fig. 5B). In these experiments the peak Ca2+ response was 4.3 ± 1.7 
ΔF/F0 units (not shown on graph). Similar experiments were performed 
for MONNA (1 μM), where it also failed to elicit a further response in the 
presence of caffeine (Fig. 5C–D). The peak Ca2+ response to caffeine in 
these experiments was 4.0 ± 1.7 ΔF/F0 (n = 6 from 6 animals, data not 
shown). 

Taken together, the above experiments suggest that the actions of 
benzbromarone and MONNA were due to Ca2+-release from the sarco
plasmic reticulum. If true, we hypothesised that caffeine may not be able 
to evoke much further release if applied in the presence of 

benzbromarone. In the experimental record shown in Fig. 6A, benz
bromarone was applied at a higher concentration of 1 μM to produce a 
sustained response and caffeine (10 mM) was then applied for 20s. 
Under these conditions, caffeine decreased the elevated level caused by 
benzbromarone, rather than evoking the usual increase in F/F0. In six 
similar experiments, ΔF/F0 in benzbromarone plus caffeine was signif
icantly less than in benzbromarone alone (Fig. 6B). 

To test the idea that benzbromarone might raise cytosolic Ca2+ by 
opening ryanodine receptors on the sarcoplasmic reticulum, we exam
ined the effect of two blockers of these channels. Firstly, we tested the 
effect of ryanodine, the classical, but irreversible blocker (MacMillan 
et al., 2005). Initially, benzbromarone (0.3 μM) was applied for 30 s, 
where it increased cytosolic Ca2+ (Fig. 7A). As the onset of block with 
ryanodine is known to be slow compared to tetracaine (MacMillan et al., 
2005), its effects on benzbromarone were tested by preincubating the 
cells with ryanodine. Hence, after washout of benzbromarone, ryano
dine (100 μM) was applied for 90 s and then benzbromarone was applied 
again in the presence of ryanodine, where it caused only a very small 
Ca2+ transient (Fig. 7A). Summary data in 6 cells confirmed that rya
nodine almost completely blocked the effect of benzbromarone 
(Fig. 7B). 

Next, we examined the effect of tetracaine, a reversible blocker of 
ryanodine receptors with rapid kinetics (Sergeant et al., 2009). As rya
nodine receptor blockade with tetracaine is known to be transient and 
fades with continuous application (Sergeant et al., 2009; Viero et al., 
2012), tetracaine was applied after benzbromarone had already caused 
an elevation in Ca2+, rather than preincubating with tetracaine and then 
observing the effect of benzbromarone. Tetracaine (100 μM) was applied 

Fig. 5. Effect of benzbromarone (Benz) in the pres
ence of caffeine. A, pseudolinescan and intensity 
profile plot from a single cell showing 30 s applica
tions of caffeine (10 mg) alone and then with benz
bromarone. Typically, caffeine caused a peak in Ca2+

followed by a plateau phase. Caffeine was washed out 
and the applied a 2nd time after 60 s. Benzbromarone 
(0.3 μM) was applied during the plateau phase of the 
2nd caffeine response. B, summary of the effect of 
benzbromarone applied during the plateau phase of 
the caffeine response, n = 8 cells from 8 animals. C, 
pseudolinescan and intensity profile plot from a sin
gle cell showing 30 s applications of caffeine alone 
and then with MONNA (1 μM). Format as in A. D, 
summary of the effect of MONNA applied during the 
plateau phase of the caffeine response, n = 6 cells 
from 6 animals. Format as in B. NS = no statistical 
differences.   
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for 30 s in the middle of a 90 s application of benzbromarone (0.3 μM), 
where it rapidly and reversible reduced F/Fo from the elevated level 
induced by benzbromarone (Fig. 7C). Summary data from eight similar 
experiments confirmed that tetracaine reversibly reduced the effect of 

benzbromarone (Fig. 7D). 

Fig. 6. Effect of caffeine in the presence of benzbromarone (Benz). A, pseudolinescan and intensity profile plot showing benzbromarone (1 μM) applied to a single 
cell for ~8 min, during which caffeine (10 mg) was applied for a period of 30 s. Caffeine failed to increase Ca2+ in the presence of benzbromarone and indeed, 
decreased Ca2+ slightly. B, summary showing that caffeine caused a small but significant decrease in Ca2+ from the elevated level in benzbromarone. n = 6 cells from 
6 animals. 

Fig. 7. The effect of blocking ryanodine receptors on 
the response to benzbromarone (Benz). A, pseudoli
nescan and intensity profile plot showing benz
bromarone (0.3 μM) applied for 30 s to a single cell 
and ten washed out. Ryanodine (100 μM) was applied 
after 2 min and 30 s later benzbromarone was applied 
for a 2nd time. B, summary of the effect of ryanodine 
on the response to benzbromarone, n = 6 cells from 6 
animals. C, pseudolinescan and intensity profile plot 
showing a 90s addition of benzbromarone (0.3 μM). 
During the middle 30 s of the benzbromarone addi
tion, tetracaine (100 μM) was added and then 
removed. Tetracaine reversibly reduced the elevation 
in Ca2+ caused by benzbromarone. D, summary of the 
effect of tetracaine on the benzbromarone response, 
n = 8 cells from 8 animals.   
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4. Discussion 

Patch clamp studies established that native airway smooth muscle 
cells possessed Ca2+-activated Cl− channels activated by acetylcholine 
(Janssen and Sims, 1992), and later TMEM16A was shown to be 
expressed in airway smooth muscle cells (Huang et al., 2009, 2012; 
Gallos et al., 2013; Zhang et al., 2013). Knockout of TMEM16A in mice 
resulted in attenuation of responses of bronchial smooth muscle to 
U-44619 and 5-hydroxytryptamine, but contractions evoked by the 
cholinergic agonist methacholine were well preserved (Wang, 2018). 
The present study was prompted by the fact that the survival of robust 
cholinergic contractions in TMEM16A knockout mice appeared to be at 
odds with the ability of benzbromarone and niclosamide to block 
cholinergic contractions (Huang et al., 2012; Danielsson et al., 2015; 
Miner et al., 2019). We hypothesised that TMEM16A channels were 
involved in sustaining cholinergic contractions, but were less important 
for transient contractions, therefore the discrepancies in the published 
studies might be attributable to differences in experimental protocols. 
Initially, this appeared to be confirmed, as benzbromarone, MONNA and 
CaCCinhA01, blocked the sustained component of carbachol-induced 
contractions more than the initial component. However, several obser
vations made us doubt the specificity of the TMEM16A blockers. First, 
we found that these compounds were still effective in tissues that had 
been treated with nifedipine (Fig. S3). Second, Ani9, had no effect on 
carbachol-induced contractions (Fig. 2C), even though it effectively 
reduced phasic contractions induced by U-44619 (Fig. S2). Others have 
found Ani9 (Seo et al., 2016) to be a potent TMEM16A blocker in whole 
tissue preparations of gastrointestinal smooth muscle (Drumm et al., 
2019b, 2019c, 2020a, 2020b, 2022; Koh et al., 2022), including spe
cifically reducing cholinergic induced contractions of proximal colon 
muscles (Drumm et al., 2020a). Its lack of effect in the present study 
supports the idea that TMEM16A channels contribute little to cholin
ergic contractions in airway smooth muscle, at least under normal 
(non-inflammatory) conditions. Interestingly, another study found that 
Ani9 failed to dilate human bronchi in vitro and came to the same 
conclusion (Danahay et al., 2020a). 

We show that benzbromarone, MONNA and CaCCinhA01, but not 
Ani9, elevated cytosolic Ca2+ in mice bronchial myocytes. This effect 
was investigated further for benzbromarone and MONNA, where we 
found that it still occurred when extracellular Ca2+ was removed, indi
cating that it was due to release from intracellular stores. The role of the 
sarcoplasmic reticulum store was investigated by examining the effects 
of caffeine, which opens ryanodine receptors, as well as tetracaine and a 
high concentration of ryanodine, which act as reversible and irreversible 
blockers of ryanodine receptors, respectively (Nagasaki and Fleischer, 
1988; Gyorke et al., 1997). Benzbromarone and MONNA did not elevate 
Ca2+ further when the ryanodine receptors were already opened by 
caffeine. Conversely, caffeine was unable to elevate Ca2+ in the presence 
of benzbromarone. These effects are consistent with the idea that 
benzbromarone and caffeine had a similar action in opening ryanodine 
receptors, and this is supported by the fact that tetracaine and ryanodine 
were able to attenuate the elevation of Ca2+ caused by benzbromarone. 
Elevations in Ca2+ due to IP3 activation or SERCA pump blockade would 
be less likely to be so effectively attenuated by tetracaine and ryanodine. 
Interestingly, the effect of caffeine was reversed in the presence of 
benzbromarone, where it caused a small reduction in Ca2+. We speculate 
that this was due to caffeine’s well-known action as a phosphodiesterase 
inhibitor, boosting intracellular cAMP levels over the same concentra
tion range that it activates ryanodine receptors (Faudone et al., 2021). 
Phospholamban is known to regulate the SERCA pump in airways 
smooth muscle (Sathish et al., 2008), thus cAMP-dependent phosphor
ylation of phospholamban, would be expected to result in disinhibition 
of the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) 
pump, causing Ca2+ sequestration (Simmerman and Jones, 1998). 
Normally, this Ca2+-sequestration would be masked by the more 
powerful Ca2+-releasing effect of caffeine. 

Although we have observed direct contractile effects of high con
centrations of benzbromarone (e.g. 10 mM, data not shown), it is puz
zling that we did not see contractile effects of these drugs at the 
concentrations required to block carbachol responses. Also, in single cell 
Ca2+ imaging experiments most cells did not contract upon application 
of these drugs but did with caffeine. One possible reason for this might 
be that the degree of Ca2+ release caused by the TMEM16A blockers was 
usually less than that released by caffeine (e.g. compare responses in 
Fig. 4A). It may be that a slow gradual release of Ca2+ in the tension 
experiments was insufficient to cause contraction, but nevertheless 
depleted the Ca2+ store enough to affect responses to carbachol. Alter
natively, it is possible that these drugs inhibited contractions by addi
tional off-target effects such as interfering with contractile proteins or 
their Ca2+-sensitivity. However, this seems less likely, as it would not 
explain the tendency of the drugs to block the sustained component of 
the carbachol-induced contractions, compared to the initial component. 

Several other studies have indicated that some classical Ca2+-acti
vated Cl− blockers and new generation TMEM16A blockers can cause 
intracellular Ca2+-release. Cruickshank et al. (2003) showed that 
niflumic acid, DIDs, NPPB and 9AC elevated cytosolic Ca2+ in rat pul
monary artery smooth muscle cells and cited examples of similar effects 
in visceral smooth muscle cells, epithelial cells, a salivary epithelial cell 
line (ST885 cells), and neurons (Cruickshank et al., 2003). More detailed 
analysis of the effect of niflumic acid showed that it caused Ca2+-release 
from intracellular stores via a ryanodine receptor-dependent mecha
nism. Of the new generation compounds, we previously noted that 
CaCCinhA01 increased cytosolic Ca2+ in rabbit urethral interstitial cells 
of Cajal (Fedigan et al., 2017), while niclosamide was reported to cause 
intracellular Ca2+ release in HT29 human colonic carcinoma epithelial 
cells (Centeio et al., 2020). Benzbromarone has, so far, not been reported 
to release intracellular Ca2+, but Danielsson et al. (2015) found that high 
concentrations (50 &100 μM) blocked the ability of bradykinin and 
histamine to elevate intracellular Ca2+ in human airway smooth muscle 
cells bathed in Ca2+-free extracellular solution (Danielsson et al., 2015). 
Their study also reported that agonist-induced changes in mag-fluo-4 
fluorescence were attenuated by both benzbromarone and MONNA, 
suggestive of interference with sarcoplasmic reticulum Ca2+-release by 
these drugs. At the time of writing, Genovese et al. presented evidence 
that CaCCinhA01 and MONNA interfered with Ca2+ mobilisation by 
several agonists and release of caged IP3 in several cell lines (Genovese 
et al., 2023). In contrast to the present study, these investigators did not 
observe elevations in Ca2+ induced by CaCCinhA01 or MONNA, though 
they did so with niclosamide. They proposed that CaCCinhA01 blocked 
IP3-mediated Ca2+-release, although it also reduced Ca2+ elevations 
with ionomycin, which released Ca2+ from the store without activating 
plasmalemmal receptors, suggesting that it had multiple effects on Ca2+

mobilisation. As in the present study, Genovese et al. reported that Ani9 
did not interfere with Ca2+ mobilisation or block agonist effects. 

The fact that so many diverse Ca2+-activated Cl− channel blockers 
cause intracellular Ca2+ release suggests that they may share a common 
molecular target, besides plasmalemmal TMEM16A. Ca2+ movements 
across the sarcoplasmic reticulum cannot be sustained unless electrical 
charge neutrality is maintained by movement of a counter ion (Take
shima et al., 2015). Cl− , K+ and Mg2+ have all been proposed to fulfil 
this role, though there is currently no consensus as to which of these is 
the most important (Takeshima et al., 2015). The sarcoplasmic reticu
lum membrane expresses several Cl− conductances, although their 
molecular identity is still in question (Takeshima et al., 2015). It is 
conceivable that the compounds we have discussed interfere with Ca2+

movements by blocking these channels, an idea that has previously been 
raised in airway smooth muscle (Hirota et al., 2006; Danielsson et al., 
2015). Bestrophin-1 is another protein that forms Ca2+-activated Cl−

channels, and several studies have shown that these are located in the 
endoplasmic reticulum membranes of epithelial cells, where they were 
proposed to provide the counter ion pathway for Ca2+ movements 
(Barro-Soria et al., 2010). It is notable that MONNA was shown to be 
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highly selective for TMEM16A over bestrophin-1 (Oh et al., 2013), so it 
is unlikely that its action on Ca2+ release in the present study was via 
blockade of bestrophin-1. Also, the fact that the elevations in Ca2+

caused by MONNA and benzbromarone occurred in Ca2+-free bath so
lution, would suggest that they acted by causing Ca2+-release rather by 
impeding sarcoplasmic reticulum Ca2+ movements. This conclusion is 
further supported by the fact that tetracaine and ryanodine both atten
uated the action of benzbromarone. 

Our results suggest that the TMEM16A blockers caused Ca2+ release 
by activating ryanodine receptors. This could have been due to a direct 
action on the ryanodine receptors, or an indirect effect as a result of 
causing release from a different intracellular Ca2+ store that then 
resulted in Ca2+-induced Ca2+ release from the sarcoplasmic reticulum. 
Several TMEM16A blockers (niflumic acid, benzbromarone and niclo
samide) are also mitochondrial toxins and would therefore be expected 
to interfere with mitochondrial Ca2+ handling, which could result in 
Ca2+-induced Ca2+ release (McDougall et al., 1988; Felser et al., 2014; 
Tao et al., 2014; Shirakawa et al., 2015). However, there is strong evi
dence that some classical Cl− channel blockers, including disulfonic 
stilbene derivatives, DIDS and SITS (4-acetoamido-4
′-isothiocyanostilbene-2,2′-disulfonic acid) and niflumic acid, directly 
alter the gating properties of ryanodine receptors inserted in lipid bi
layers, usually with the effect of increasing their open probability 
(Zahradnikova and Zahradnik, 1993; Oba et al., 1996; Oba, 1997; Hill 
and Sitsapesan, 2002). As far as we are aware, no one has examined 
possible similar actions of the second generation of TMEM16A blockers 
on ryanodine receptor function, though clearly this would be of value. 

In conclusion, we have demonstrated that three commonly used ‘new 
generation’ TMEM16A blockers caused Ca2+ release in airway smooth 
muscle cells, while a fourth blocker, Ani9, did not. Unlike the other 
blockers, Ani9 had no effect on carbachol induced contractions. Previ
ous studies that have used these and similar compounds as tools to 
determine the role of TMEM16A in whole tissue experiments may have 
come to misleading conclusions and should be re-evaluated. Our work 
adds to the increasing body of literature that many TMEM16A blockers 
have off-target effects and therefore must be used cautiously. 
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