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Introduction: Inhibition of Ca2+-activated transmembrane protein 16A (TMEM16A) Cl− channels has been proposed to alleviate 
mucus secretion in asthma. In this study, we identified a novel class of TMEM16A inhibitors from natural sources in airway epithelial 
Calu-3 cells and determine anti-asthmatic efficacy of the most potent candidate in a mouse model of asthma.
Methods: For electrophysiological analyses, IL-4-primed Calu-3 cell monolayers were mounted in Ussing chamber and treated with 
various fungus-derived depsidones prior to the addition of UTP, ionomycin, thapsigargin, or Eact to stimulate TMEM16A Cl− current. 
Ca2+-induced mucus secretion in Calu-3 cell monolayers was assessed by determining MUC5AC protein remaining in the cells using 
immunofluorescence staining. OVA-induced female BALB/c mice was used as an animal model of asthma. After the course of 
induction, cellular and mucus components in bronchoalveolar lavage were analyzed. Lungs were fixed and undergone with H&E and 
PAS staining for the evaluation of airway inflammation and mucus production, respectively.
Results: The screening of fungus-derived depsidones revealed that nornidulin completely abolished the UTP-activated TMEM16A 
current in Calu-3 cell monolayers with the IC50 and a maximal effect being at ~0.8 µM and 10 µM, respectively. Neither cell viability 
nor barrier function was affected by nornidulin. Mechanistically, nornidulin (10 µM) suppressed Cl− currents induced by ionomycin (a 
Ca2+-specific ionophore), thapsigargin (an inhibitor of the endoplasmic reticulum Ca2+ ATPase), and Eact (a putative TMEM16A 
activator) without interfering with intracellular Ca2+ ([Ca2+]i) levels. These results suggest that nornidulin exerts its effect without 
changing [Ca2+]i, possibly through direct effect on TMEM16A. Interestingly, nornidulin (at 10 µM) reduced Ca2+-dependent mucus 
release in the Calu-3 cell monolayers. In addition, nornidulin (20 mg/kg) inhibited bronchoalveolar mucus secretion without impeding 
airway inflammation in ovalbumin-induced asthmatic mice.
Discussion and Conclusion: Our study revealed that nornidulin is a novel TMEM16A inhibitor that suppresses mucus secretion 
without compromising immunologic activity. Further development of nornidulin may provide a new remedy for asthma or other 
diseases associated with allergic mucus hypersecretion without causing opportunistic infections.
Keywords: TMEM16a, nornidulin, asthma, mucus secretion, airway epithelium

Introduction
Asthma is a heterogeneous chronic airway inflammatory disease with reversible airway obstruction that affects more than 
260 million people and was considered a leading cause of disability globally in 2019.1,2 According to the CDC, around 
25 million people perceive to have asthma with approximately 15% being children under 18 years old and the highest 
prevalence being among late teenagers and young adults in the United States.3 Several studies have identified pollution, 
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certain viral and microbial particles, and obesity as risk factors for asthma that interact with genetic predisposition.4 Once 
exposed to these allergens, antigen-presenting cells capture and present these molecules to naïve T cells causing T helper 
2 (Th2) cells accompanied by IgE production and binding to the surface of mast cells.5,6 Apart from this process, growing 
evidence has shed light on the role of basophils and NKT cells in inducing Th2 polarization and subsequent secretion of 
cytokines including interleukin-4 (IL-4) to increase the production of inflammatory mediators in mast cells.7,8 At 
the second time of allergen exposure, mast cells degranulate their contents causing airway inflammation, mucus 
secretion, and smooth muscle contraction, eventually leading to airway obstruction.9

Transmembrane protein 16A (TMEM16A), or anoctamin 1, is a component of the Ca2+-activated Cl− channel (CaCC) 
endogenously found in several cell types, including epithelial cells and smooth muscles in the cardiovascular, gastro-
intestinal, and respiratory systems.10–14 Several studies have suggested that TMEM16A contributes to the pathogenesis of 
numerous diseases including hypertension, cancer, and asthma.15–17 In head and neck squamous cell carcinoma, TMEM16a 
is overexpressed and is positively associated with cancer progression and poor prognosis.18 Although TMEM16A expres-
sion and function are limited in normal airway epithelial cells, their expression is considerably increased in the asthmatic 
epithelia.19,20 Importantly, stimulated airway mucus secretion, smooth muscle contraction, and asthmatic airway resistance 
are abrogated by the pharmacological or genetic silencing of TMEM16A.17,19,21–23 In addition, a putative TMEM16A 
activator, Eact or TMEM16A potentiator, Brevenal, augmented airway constriction of the tracheal ring and promoted mucus 
release associated with breathlessness in ovalbumin (OVA)-induced asthmatic mice.24,25 These data indicated that 
TMEM16A is required for excessive mucus secretion and airway constriction in asthma.

Expression of TMEM16A transcript and protein is upregulated by IL-4,11 the key pathogenic Th2 cytokine in asthma.26 

Indeed, purinergic ligands, such as ATP and UTP, have been reported as endogenous activators of TMEM16A-dependent 
apical Cl− secretion.27 Notably, purinergic activation leads to an increase in intracellular Ca2+ ([Ca2+]i).27 Purinergic ligands 
are increased in patients with asthma and contribute to tracheal mucus secretion.28–30 In response to [Ca2+]i, TMEM16A 
mediates transepithelial Cl− secretion in the respiratory tract.31 Although Ca2+ is a key activator of the TMEM16A-dependent 
Cl− channel, Ca2+ also triggers calmodulin-dependent protein kinase II (CaMKII) TMEM16A inactivation.32,33 Therefore, 
CaMKII has been proposed to be a negative regulator of TMEM16A. A study on mouse airway smooth muscle suggested that 
TMEM16A allows Cl− efflux, induces membrane depolarization, and activates voltage-dependent Ca2+ channels, leading to 
airway smooth muscle contraction with a relatively unrevealed mechanism of TMEM16A-mediated mucus release.19,23 

Notably, mucus hypersecretion represents an important pathogenesis of fatal asthma, convincing us to discover inhibitors of 
TMEM16A to alleviate both airway mucus hypersecretion and airway constriction simultaneously.34

Natural products derived from plants and microorganisms are promising sources of starting chemical scaffolds for 
drug discovery. Several natural-product-derived pharmacophores have been approved by the US Food and Drug 
Administration (FDA).35 It is well accepted that fungal species produce highly diverse bioactive metabolites including 
depsidones.36–38 However, the biological activity of fungal depsidones against TMEM16A has not yet been explored. 
Therefore, this study aimed to identify TMEM16A inhibitors from a collection of fungus-derived depsidones using 
electrophysiological techniques in airway epithelial (Calu-3) cells, and to investigate the basic pharmacological proper-
ties (ie, potency, cytotoxicity, and mechanism of action) of the most potent metabolites, as well as their potential 
application in attenuating mucus hypersecretion in Calu-3 cell monolayers and animal models of asthma.

Materials and Methods
Animal Study Approval and Ethical Statement
All animal experiments and protocols in this study were approved by the Institutional Animal Care and Use Committee of the 
Faculty of Science, Mahidol University (protocol no. MUSC62-028-492). Animal studies were performed in accordance with 
the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (USA).

Mouse Model of OVA-Induced Allergic Asthma
BALB/c mice (8-week-old female, 18–22 g) were randomly divided into four groups (n = 5): control, OVA-treated, OVA 
plus nornidulin (20 mg/kg), and OVA plus dexamethasone (5 mg/kg; positive control; catalog number: D2915, Sigma 
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Aldrich Co., Saint Louis, MO, USA) groups. A mouse model of OVA-induced allergic asthma was established as 
previously described,39 with certain modifications as shown in Figure 1. Briefly, mice were sensitized twice by 
intraperitoneal injection of OVA (50 µg)/Al(OH)3 (2 mg) mixed in PBS on days 0 and 14. On days 14 and 25–27, 
mice were challenged with intranasal instillation of PBS as a control or OVA (50 µg), with or without an intraperitoneal 
injection of nornidulin or dexamethasone. Bronchoalveolar lavage fluid (BALF) was collected for mucin secretion and 
inflammatory cell analysis. In addition, airway tissues were collected to evaluate the inflammatory reactions.

Chemicals
All fungus-derived depsidones used in this study, including the active compound nornidulin (N9), were prepared from the 
soil-derived fungus Aspergillus unguis PSU-RSPG204 as previously described.40 UTP (catalog number: U6875), 
N-((4-Methoxy)-2-naphthyl)-5-nitroanthranilic acid (MONNA; a specific TMEM16A inhibitor; catalog number: 
SML0902), 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan, thiazolyl blue formazan (MTT formazan; catalog num-
ber: M2003), 4 kDa fluorescein isothiocyanate-dextran (FITC-dextran; catalog number: 46944), forskolin (catalog 
number: F6886), amphotericin B (catalog number: A4888), CFTRinh-172 (catalog number: 219670), ionomycin (catalog 
number: I9657), thapsigargin (catalog number: T9033), 3,4,5-trimethoxy-N-(2-methoxyethyl)-N-(4-phenyl-2-thiazolyl)- 
benzamide (Eact, a putative activator of TMEM16A; catalog number: SML1157), and ovalbumin (OVA; catalog number: 
A5503) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Human interleukin-4 (IL-4) recombinant 
(catalog number: A42602) was obtained from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Other reagents 
were purchased from Merck Millipore (Billerica, MA, USA) and Cell Signaling Technology (Danvers, MA, USA).

Cell Culture
Airway epithelial cell line, Calu-3 cells, was obtained from American Type Culture Collection (Manassas, VA, USA) and 
nourished in Eagle’s Minimum Essential Medium supplemented with 10% fetal bovine serum (FBS) (catalog number: 
F7524) (Sigma-Aldrich Co., St. Louis, MO, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (catalog number: 
15140122) (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 37 °C in a humidified incubator under an atmosphere 
of 95% O2/5% CO2. For Ussing chamber experiments, Calu-3 cells were seeded onto Snapwell inserts (catalog number: 
3801) (Costar, Cambridge, Massachusetts, USA) at a density of 5×105 cells/well and grown in a humidified incubator 
with culture medium renewal every day for two weeks.

Electrophysiological Analyses
For all analyses of TMEM16A-mediated Cl− currents, Ussing chamber experiments were performed as previously 
described.41,42 Briefly, fully differentiated Calu-3 cell monolayers with transepithelial electrical resistance (TER) > 
500 Ω.cm2 as measured by EVOM2 volt-ohm meter (World Precision Instruments, Sarasota, Florida, USA) were primed 
with IL-4 (10 ng/mL) for 24 h. Then, IL-4-primed differentiated Calu-3 cell monolayers were mounted in Ussing 

Figure 1 Protocol for mouse model of asthma and compound administration. 
Abbreviations: OVA, ovalbumin; PBS, phosphate buffer saline; DEX, dexamethasone; i.p., intraperitoneal injection; i.n., intranasal instillation.
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chambers. To measure apical Cl− currents, the basolateral and apical hemi-chambers were filled with high Cl− and low 
Cl− buffers, respectively, to generate a basolateral-to-apical Cl− gradient. High Cl− basolateral solution (pH 7.3) 
contained NaCl (130 mM), KCl (2.7 mM), KH2PO4 (1.5 mM), CaCl2 (1 mM), MgCl2 (0.5 mM), Na-HEPES (10 
mM) and glucose (10 mM). In the low Cl− apical solution, 65 mM NaCl was replaced with 65 mM sodium gluconate and 
the concentration of CaCl2 was adjusted to 2 mM. The basolateral membrane was permeabilized with amphotericin 
B (250 mg/mL) before the application of agonists/test compounds. Permeabilized Calu-3 cell monolayers were pretreated 
with fungus-derived metabolites from the library and incubated for 30 min prior to the stimulation of the Cl− current with 
UTP, ionomycin, thapsigargin, or Eact. The specific TMEM16A inhibitor MONNA was used to validate the contribution 
of TMEM16A. The TMEM16A inhibitory percentage of specific compounds was calculated based on their ability to 
reduce peak currents induced by TMEM16A activators compared to vehicle-treated inserts.

Evaluation of Cytotoxic Effect and Airway Epithelial Barrier Integrity
Calu-3 cells were seeded into 96-well plates (2 x 104 cells/well) and cultured overnight. Calu-3 cells were treated for 24 
h with the vehicle (DMSO; control) or nornidulin (0.1–20 µM). MTT assay was performed as previously described.43 

Formazan was quantified by measuring absorbance at 590 nm. The percentage cell viability after exposure to nornidulin 
was evaluated by comparing the absorbance of the nornidulin-treated group to that of the vehicle-treated control.

To demonstrate the effect of nornidulin on airway epithelial barrier function, real-time monitoring of TER was 
performed using an EVOM2 volt-ohm meter (World Precision Instruments, Inc., Sarasota, FL, USA) as previously 
described.44 The TER of Calu-3 cell monolayers was measured before and after treatment with DMSO, nornidulin (0.1– 
20 µM), or EGTA (5 mM; catalog number: E3889, Sigma-Aldrich Co., Saint Louis, MO, USA). The percentage change 
in TER was calculated by matching the TER at each specific time point to the initial TER.

The monolayers of Calu-3 cell barrier integrity were evaluated based on the rates of permeability of fluorescein 
isothiocyanate (FITC)-labeled dextran (molecular weight of ~4 kDa), as previously described.42 Briefly, Calu-3 cells 
were plated onto Transwell membrane inserts (Costar, Cambridge, Massachusetts, USA) at a density of 5×105 cells/well 
and grown for 14 days, when TER was > 500 Ω.cm2. Calu-3 cell monolayers were treated for 24 h with DMSO (control), 
nornidulin (0.1–20 µM), or EGTA (5 mM). FITC-dextran (1 mg/mL) was added to the apical chamber of the Transwell 
inserts to assess the flux of FITC-dextran (4 kDa) across the Calu-3 cell monolayers. At 1-h post-incubation, the culture 
media were sampled from the basolateral chamber to measure the concentrations of FITC-dextran using a Wallac Victor2 
microplate reader (Perkin Elmer, Waltham, Massachusetts, USA).

Intracellular Calcium Measurement
A calcium-sensitive fluorescent indicator, indo-1 (catalog number: I1223, Life Technologies, Carlsbad, CA, USA) was 
used for cytosolic calcium ([Ca2+]i) measurement. Calu-3 cells at a density of 5×105 cells were collected, washed with 
phosphate buffer saline (PBS), and incubated with indo-1 tracer at 37 °C in the dark. An hour later, the indo-1 indicator 
was completely removed by washing the cells twice with fresh calcium buffer containing KCl (5.33 mM), KH2PO4 

(0.441 mM), NaHCO3 (4.17 mM), NaCl (137.93 mM), Na2HPO4 (0.338 mM), d-glucose (5.56 mM), CaCl2 (1 mM), and 
1% FBS. Calu-3 cells were pre-incubated with nornidulin (10 µM) for 30 min before the addition of DMSO or 
ionomycin. Fluorescence intensity (excitation/emission wavelengths of 338/405 and 338/490 nm for Ca2+-bound and 
Ca2+-free indo-1, respectively) was measured using an FP-6200 spectrofluorometer (JASCO, Essex, UK).

Western Blot
Calu-3 cells were plated onto 60-mm Petri dishes at a density of 1×106 cells/dish (Corning Life Sciences, Tewksbury, 
MA, USA). Calu-3 cells were treated with DMSO, nornidulin (10 µM), or ionomycin (5 µM). At 1-h post-treatment, 
Calu-3 cells were lysed and collected using a lysis buffer. The cell lysates were centrifuged to obtain the proteins isolated 
from the supernatant. Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and transferred to a nitrocellulose membrane (0.45 μm pore size). Membrane-containing proteins from Calu-3 
cell lysates were blocked with 5% non-fat milk (Bio-Rad, Hercules, CA, USA) at room temperature for an hour. The 
membrane was probed with rabbit anti-β-actin polyclonal antibody and rabbit anti-phospho-CaMKII (Thr286) (D21E4) 
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monoclonal antibody (Cell Signaling Technology, Boston, MA, USA) for an hour, washed with Tris-buffered saline 
containing Tween-20 (TBST), and incubated for an hour with HRP-conjugated goat anti-rabbit IgG antibody. Luminata™ 
Forte Western HRP Substrate (Merck Millipore, Billerica, MA, USA) was used to measure the protein expression using 
an Omega Lum G Imaging System (Aplegen, San Francisco, CA, USA). The expression of phospho-CaMKII was 
analyzed using the ImageJ software (NIH, Bethesda, Maryland, USA).

Immunofluorescence Staining for Mucin Secretion Assay
Calu-3 cells were seeded onto a transwell permeable support as previously described.45 After 7 days at the air-liquid 
interface, fully confluent Calu-3 cells were primed with IL-4 (10 ng/mL) for 24 h to induce TMEM16A upregulation. IL- 
4-primed Calu-3 cells were then treated with ionomycin (10 µM) for 10 min to stimulate Ca2+-dependent mucin 
secretion, with or without pretreatment with nornidulin (10 µM) for 30 min. The cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.05% Triton X before overnight incubation with mouse anti-MUC5AC monoclonal 
antibody (45M1) (catalog number: MA5-12178, Thermo Fisher Scientific Inc., Waltham, MA, USA). The fixed cells 
were washed five times with PBS and incubated for an hour with Alexa Fluor 488-conjugated goat anti-rabbit IgG, 
followed by DNA staining with Hoechst 33342 for 15 min to determine cell boundaries. Fluorescently labeled was 
visualized using an inverted confocal laser-scanning microscope, FV1000 (Olympus, Tokyo, Japan). In this assay, the 
depletion of mucin storage inside cells indicated mucin secretion.

The Enzyme-Linked Immunosorbent Assay (ELISA) for Measurement of MUC5AC
Mucin secretion was estimated from the levels of MUC5AC, a pathogenic mucin protein, in BALF. The Mouse 
MUC5AC ELISA Kit (catalog number: CSB-E11040m, CUSABIO, Houston, TX, USA), a sandwich-type ELISA kit, 
was used. The MUC5AC levels were measured according to the manufacturer’s instructions.

Histological Analyses of Mouse Airway Tissues
Airway tissues were dissected from OVA-challenged mice with or without nornidulin. All isolated mouse airway tissues 
were immediately fixed for 24 h with 10% formaldehyde, followed by tissue dehydrated using ethanol (molecular grade), 
and embedded in paraffin. Mouse airway tissues fixed in paraffin were cut into 5 µm-thick sections and stained with 
hematoxylin and eosin (H&E) or periodic-acid Schiff (PAS) reagents. The histopathological morphology of tissue slices 
was observed under a light microscope. Eosinophils were counted in H&E-stained sections under high-power field (400x 
magnification) at average for each lung as described previously with some modifications.46

Statistical Analyses
For all experimental data presented in this study, the specific numbers of in vitro experiments and mice in each group are 
indicated in the figure legends. Data are presented as mean ± S.E.M., and all data are presented as at least three to seven 
independent experiments. The differences between the control and treatment groups were examined using one-way 
ANOVA or two-way ANOVA followed by Bonferroni’s post hoc test, where appropriate, with a P value of < 0.05, which 
was considered statistically significant. The statistical analysis was performed using GraphPad Prism software version 5 
(GraphPad Software, La Jolla, CA, USA)

Results
Validation of in vitro Model for Assessment of TMEM16A Activity and Screening of 
Fungal Metabolites
As TMEM16A is not functionally expressed in normal airway epithelial cells,19,20 IL-4, one of the key pathogenic 
cytokines in asthma, was used to upregulate TMEM16A and establish an in vitro model of the asthmatic airway.11,26 The 
airway epithelial-like Calu-3 cell line, which endogenously expresses TMEM16a, was used as the in vitro model.45,47 In 
this experiment, airway epithelial-like Calu-3 cell monolayers were pretreated with IL-4 (10 ng/mL) for 24 h prior to 
electrophysiological analysis. We found that the peak of the UTP-induced Cl− current in IL-4-primed Calu-3 monolayers 
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was higher than that in the IL-4-untreated group (Figure 2A and B). Treatment with MONNA (10 µM), a TMEM16A 
inhibitor, significantly suppressed the UTP-induced Cl− current, after which forskolin stimulated the CFTR-mediated Cl− 

current (Figure 2A and B). It was noted that MONNA reduced the UTP-induced Cl− current in the IL-4-primed Calu-3 
cells to a level lower than that in the IL-4-untreated Calu-3 cells, indicating that MONNA inhibited the UTP-induced Cl− 

current contributed by basal/endogenous TMEM16A expression in Calu-3 cells. In addition, CFTRinh-172 (5 µM), 
a specific CFTR inhibitor, reduced the UTP-induced Cl− current by approximately 30% (data not shown). These results 
indicate that the Cl− current upon purinergic stimulation in IL-4-primed Calu-3 monolayers was mainly mediated by 
TMEM16A, with less contribution from CFTR. Next, we used this model to screen 11 depsidone derivatives from the 
soil-derived fungus, A. unguis PSU-RSPG204. To identify compounds with submicromolar potency, we selected 
depsidone derivatives with more than 50% inhibition of UTP-induced Cl− current at 1 µM for subsequent studies. N9 
(nornidulin) and N15 (2-chlorounguinol) fulfilled the aforementioned criteria (Figure 2C and D).

Effect of Bioactive Depsidones on TMEM16A-Mediated Apical Cl− Transport in 
Airway Epithelial Cell Monolayers
To investigate the effects of the depsidone derivatives N9 (nornidulin) and N15 (2-chlorounguinol) on TMEM16A Cl− channel 
activity, apical Cl− current analyses were performed in IL-4-primed Calu-3 cell monolayers. In this experiment, the basolateral 
membrane of Calu-3 cell monolayers was permeabilized with amphotericin B, and a Cl− gradient was established using 
asymmetrical Cl− buffers (high [Cl−] in the basolateral solution and low [Cl−] in the apical solution). Concentration- 
dependence of nornidulin and 2-chlorounguinol on TMEM16A inhibition was evaluated. As shown in Figure 3A–C, 
TMEM16A-mediated apical Cl− current induced by UTP (100 µM) in Calu-3 cell monolayers was inhibited by nornidulin 
in a concentration-dependent manner, with IC50 of ~0.8 µM and almost complete inhibition being observed at 10 µM. 
Conversely, TMEM6A-mediated apical Cl− currents were incompletely inhibited by 2-chlorounguinol (Figure 3D and E). 
Notably, at 10 µM, 2-chlorounguinol reduced TMEM16A-mediated apical Cl− currents by only 60% of the UTP-induced Cl− 

current peak (Figure 3D and E). Therefore, N9 (nornidulin), but not N15 (2-chlorounguinol), was used to evaluate its 
pharmacological properties and potential utility in asthma therapy in subsequent experiments.

Evaluation of Cytotoxic Potential of Nornidulin in Calu-3 Cells
To evaluate the potential toxicity of nornidulin in airway epithelial cells, its effects on Calu-3 cell viability and barrier function 
were tested. MTT assay was used to determine the viability of Calu-3 cells. As illustrated in Figure 4A, 24-h exposure to 
nornidulin at concentrations ranging from 0.1 µM to 20 µM had no significant effect on Calu-3 cell viability. TER 
measurements were performed to further investigate the effect of nornidulin on the integrity of airway epithelial barrier 
function. Nornidulin at concentrations of 0.1 µM to 10 µM did not change TER of Calu-3 cell monolayers (Figure 4B). 
However, 20 µM nornidulin significantly reduced the TER by approximately 50% relative to that of the control (P = <0.0001). 
As a positive control, treatment with ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA; 5 mM), 
a Ca2+ chelator known to disrupt the integrity of epithelial tight junctions, decreased the TER value by > 95% (P = <0.0001). 
Fluorescein isothiocyanate (FITC)-dextran (molecular weight of 4.4 kDa), a fluorescence-tagged paracellular probe, was used 
to evaluate tight junction integrity across Calu-3 cell monolayers. At 2 h post-treatment, nornidulin at concentrations of 0.1 
µM to 10 µM had no remarkable effect on flux of FITC-dextran over Calu-3 cell monolayers compared with control 
(Figure 4C). Notably, 20 µM nornidulin slightly increased FITC-dextran flux (P = <0.0020), with EGTA as a positive control, 
causing a significant increase in FITC-dextran flux across Calu-3 cell monolayers (P = <0.0001) (Figure 4C).

Mechanisms of Inhibition of TMEM16A-Mediated Cl− Secretion by Nornidulin in Calu-3 
Cells
To investigate whether nornidulin inhibited TMEM16A-mediated Cl− secretion by interfering with Ca2+ signaling, 
electrophysiological analyses and [Ca2+]i measurements were performed. To determine whether nornidulin could inhibit 
TMEM16A independent of signaling transduction to [Ca2+]i elevation, TMEM16A-mediated Cl− secretion was induced 
by either ionomycin (a Ca2+-specific ionophore; 5 µM) or thapsigargin (an inhibitor of the endoplasmic reticulum Ca2+ 
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Figure 2 Screening of depsidone derivatives on UTP-induced Cl− secretion in IL-4-primed Calu-3 cell monolayers. (A) Validation of an in vitro model of TMEM16A-dependent Ca2+- 
activated Cl− channel. Apical Cl− current analyses were performed in Calu-3 cell monolayers. IL-4 was used to upregulate TMEM16A and UTP-induced Cl− current was increased in IL- 
4-primed Calu-3 cell monolayers compared to IL-4-untreated group. MONNA (10 µM) was shown to inhibit UTP-induced Cl− current. A representative apical Cl− current tracing is 
shown. (B) Graphs indicating analyses and comparisons of UTP-induced apical Cl− currents in IL-4-free and IL-4-treated groups with or without MONNA. Results were expressed as % 
of TMEM16-dependent Cl− current peak ± S.E.M. (n = 4–6). ***p < 0.001 compared with the control group; ###p < 0.001 compared with the IL-4-treated group (one-way ANOVA). (C) 
Screening of depsidone derivatives (1 µM) isolated from a soil-derived fungus Aspergillus unguis PSU-RSPG204 on TMEM16-dependent Cl− current. In the screening step, we performed 
experiment in singlicate, especially inactive compounds. (D) Chemical structures of active depsidone derivatives N9 (nornidulin) and N15 (2-chlorounguinol).
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Figure 3 Effect of depsidone derivatives on TMEM16A activity. (A) Dose-inhibition studies of N9 (nornidulin) on UTP-induced Cl− secretion across IL-treated Calu-3 cell 
monolayers. A representative apical Cl− current tracing is shown. (B) Analyses and comparisons of apical Cl− current in IL-4-treated Calu-3 cell monolayers with or without 
N9 (nornidulin) at various concentrations (0.1 µM, 1 µM, and 10 µM). (C) IC50 determination. Data are analyzed by Hill’s equation and expressed as means of % UTP- 
activated apical Cl− current ± S.E.M. According to the Hill coefficient, IC50 was approximately 0.8 µM. (D) Dose-inhibition studies of N15 (2-chlorounguinol) on UTP- 
induced Cl− secretion across IL-treated Calu-3 cell monolayers. Representative apical Cl− current tracings are shown. (E) Analyses and comparisons of apical Cl− current in 
IL-4-treated Calu-3 cell monolayers with or without N15 (2-chlorounguinol) at various concentrations (0.1 µM, 1 µM, and 10 µM). The summary of data is shown. Results 
were expressed as % of TMEM16-dependent Cl− current peak ± S.E.M. (n = 4–6). *, p < 0.05 compared with the reference group (one-way ANOVA).
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Figure 4 Evaluation of cytotoxic potential of nornidulin in Calu-3 cell monolayers. (A) Effect of nornidulin on Calu-3 cell viability. Calu-3 cells grown in 96-well plates were 
incubated for 24 h with nornidulin at the indicated concentrations (0.1–20 µM). MTT assay was performed to determine the viability of Calu-3 cell. (B) Effect of nornidulin on 
transepithelial electrical resistance (TER) of Calu-3 cell monolayers. Calu-3 cells grown on permeable support for 14 days were treated for 24 h with nornidulin. At 24-hour post- 
incubation with nornidulin at the indicated concentrations (0.1–20 µM), TER was measured by the epithelial volt/ohms meter. EGTA was used as a positive control for experiment. 
(C) Effect of nornidulin on paracellular flux across monolayers of Calu-3 cell. FITC-dextran (molecular weight ~4.4 kDa) was used as a paracellular fluorescent probe. Fully 
differentiated Calu-3 cell monolayers grown on permeable support were exposed for 2 h to nornidulin at the indicated concentrations (0.1–20 µM). FITC-dextran was added into 
the apical chamber of Calu-3 cell monolayers and incubated for an hour. Culture media from basolateral chamber of permeable support were sampled to measure the rate of 
paracellular flux of FITC-dextran. EGTA was used to dissociate tight junctions as a positive control for this experiment. Data are expressed as means of % control ± S.E.M. (n = 5). 
****p < 0.0001 compared with the control group. One-way ANOVA was used for.Figure 3A and B, while two-way ANOVA was for Figure 3C.
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ATPase; 5 µM). Nornidulin (10 µM) completely abolished ionomycin- and thapsigargin-induced Cl− secretion in Calu-3 
cell monolayers (Figure 5A–D) with overall P-values of 0.0128 and 0.0002, respectively. In addition, ionomycin with or 
without nornidulin significantly increased [Ca2+]i compared to control with overall P = 0.0005 and P = 0.0004, 
respectively. Indeed, nornidulin (10 µM) did not significantly suppress ionomycin-induced [Ca2+]i elevation (P = 
0.8843) (Figure 5E and F). Notably, the effect of nornidulin on TMEM16A was much greater than that on [Ca2+]i 

elevation (Figure 5B and F). These results indicate that restraining TMEM16A function by nornidulin is not through 
events upstream of [Ca2+]i elevation, favoring mechanisms downstream of [Ca2+]i elevation.

As CaMKII is known to be a negative regulator of TMEM16A following an increase in [Ca2+]i, we examined the 
effect of nornidulin on CaMKII phosphorylation, which is the active state of CaMKII, using Western blotting. We found 
that nornidulin (10 µM) did not affect CaMKII phosphorylation compared to the control (Figure 6A and B). Ionomycin 

Figure 5 Mechanism of TMEM16A inhibition by nornidulin in IL-4-primed Calu-3 cell monolayers. (A) Effect of nornidulin on ionomycin-induced Cl- secretion in IL- 
4-treated Calu-3 cell monolayers. A representative ionomycin-induced, TMEM16A-dependent apical Cl− current tracing is shown. (B) Graphs indicating analyses and 
comparisons of apical Cl− current in IL-4-treated Calu-3 cell monolayers induced by ionomycin treatment with or without nornidulin (10 µM). The summary and statistical 
analyses of data are shown. (C) Effect of nornidulin on thapsigargin-induced Cl− secretion in IL-4-treated Calu-3 cell monolayers. A representative thapsigargin-induced, 
TMEM16A-dependent apical Cl− current tracing is shown. (D) Graphs indicating analyses and comparisons of apical Cl− current in IL-4-treated Calu-3 cell monolayers 
induced by thapsigargin treatment with or without nornidulin (10 µM). The summary and statistical analyses of data are shown. (E) Effect of nornidulin on [Ca2+]i increase 
induced by ionomycin. A representative tracing of indo-1-sensitive fluorescent intensities is shown. (F) Analyses of intracellular indo-1-sensitive fluorescent intensities of 
control show the Calu-3 cells exposed to ionomycin with or without nornidulin pretreatment (10 µM). Results were expressed as % of control ± S.E.M. (n = 4–6). *p < 0.05; 
***p < 0.001; ****p < 0.0001 compared with the control group; ####p < 0.0001 compared with the ionomycin-treated group (one-way ANOVA).
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was used as a positive control to enhance Ca2+-dependent CaMKII phosphorylation. Moreover, we tested whether 
nornidulin inhibited TMEM16A activity using the putative TMEM16A activator Eact (10 µM). Interestingly, nornidulin 
(10 µM) significantly reduced the Cl− current peak induced by Eact (Figure 6C and D). Previous studies have shown that 
Eact augments [Ca2+]i which is required for TMEM16A activation.48,49 We also found that Eact elevated [Ca2+]i, which 
was virtually unaffected by nornidulin, when BAPTA (a Ca2+ chelator) was used as a positive control (Figure 6E and F). 
These results indicate that TMEM16A inhibition by nornidulin in Calu-3 cells does not result from indirect mechanisms, 
including CaMKII phosphorylation or alterations in calcium signaling.

Figure 6 Effects of nornidulin on CaMKII phosphorylation and Eact-induced TMEM16A-dependent Cl− secretion. (A) Representative Western blot bands of p-CaMKII and β- 
actin. (B) Band intensity evaluation of CaMKII phosphorylation in Calu-3 cells treated with or without nornidulin. Results were analyzed from p-CaMKII/β-actin ratio and 
expressed as % of control ± S.E.M. (C) Effect of nornidulin on Eact-stimulated TMEM16A Cl− channel. A representative tracing of Eact-induced TMEM16A-dependent Cl− 

secretion is shown. (D) Graphs indicating analyses and comparisons of Eact-induced TMEM16A-dependent apical Cl− current in IL-4-treated Calu-3 cell monolayers with or 
without nornidulin (10 µM). (E–F) Effect of nornidulin on Eact-induced [Ca2+]i elevation in Calu-3 cells. The summary and statistical analyses of data are shown. Results were 
expressed as % of control ± S.E.M. (n = 3–6). *p < 0.05; **p < 0.01 compared with the control group; ##p < 0.01 compared with Eact (one-way ANOVA).
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Effect of Nornidulin on Ionomycin-Induced Mucus Release in Calu-3 Cells
Hypersecretion of mucus is a hallmark of asthmatic airway.34 Increased TMEM16A expression and activity plays an 
important role in mediating mucus hypersecretion in asthma.19,22,50 To examine whether nornidulin inhibits ionomycin- 
induced mucin secretion in inflamed Calu-3 cell monolayers, co-staining with intracellular MUC5AC and Hoechst was 
performed. Calu-3 cell monolayers were incubated for 24 h with IL-4 to mimic asthmatic inflammatory conditions and to 
induce TMEM16A upregulation. IL-4-primed Calu-3 cell monolayers were treated with ionomycin (10 µM) with or 
without nornidulin (10 µM). As shown in Figure 7, ionomycin significantly reduced intracellular MUC5AC levels, 

Figure 7 Effect of nornidulin on Ca2+-dependent mucin secretion in Calu-3 cells. (A) Immunofluorescence staining of MUC5AC. Hoechst staining was used to determine 
the cell area. MUC5AC, a marker of pathogenic mucin in asthma, was labeled to evaluate depletion of intracellular mucin store that indicates mucin secretion. Ionomycin 
treatment was performed to promote Ca2+-dependent mucin secretion. Nornidulin (10 µM) and a TMEM16A inhibitor MONNA were able to suppress ionomycin-induced 
depletion of intracellular mucin store, suggesting that nornidulin was capable of inhibiting mucin secretion. The scale bars of 50 µm were shown. (B) Analyses of intracellular 
mucin levels. The summary and statistical analyses of data are shown. Results were expressed as % of control ± S.E.M. (n = 4–6). **p < 0.01 compared with control group 
(one-way ANOVA). #p < 0.05; ##p < 0.01 compared with ionomycin-treated group (one-way ANOVA).
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indicating Ca2+-dependent mucin secretion. Interestingly, nornidulin (10 µM) abrogated the ionomycin-induced intracel-
lular MUC5AC depletion (58.3054±7.1338 vs 104.3716±15.2886; p=0.0092; overall p=0.0038). Similarly, MONNA (10  
µM) suppressed the ionomycin-induced decrease in intracellular MUC5AC levels (p=0.0308). These data suggest that 
nornidulin attenuates mucus secretion in an in vitro asthma model.

Attenuation of Mucin Hypersecretion by Nornidulin in an Experimental Asthmatic 
Mouse Model
To prove a proof of concept that nornidulin is effective in the treatment of mucus hypersecretion in asthma, the effect of 
nornidulin was evaluated in a mouse asthma model. Female BALB/c mice were primed and challenged with OVA with or 
without intraperitoneal administration of nornidulin (Figure 1). Because pharmacokinetic profiles of nornidulin have not 
been previously investigated, we adapted the treatment protocol of nornidulin from a previous study that showed the 
systemic effects of a compound structurally related to nornidulin.51 As shown in Figure 8A, OVA significantly increased 

Figure 8 Effect of nornidulin in the treatment of inflammation-associated mucus hypersecretion in OVA-challenged mouse model of asthma. (A) Timeline and detailed 
protocol of OVA-challenged mouse model of asthma establishment. (B) Effect of nornidulin and dexamethasone (DEX) on percent spleen weight. (C) H&E and PAS staining 
of airway tissues from OVA-challenged mice treated with or without nornidulin. Dexamethasone (DEX) was used as a control of this experiment. The scale bars of 40 µm 
were shown with the red arrows and the black arrow heads indicating clusters of eosinophils and mucus-producing cells, respectively. (D) Inflammatory score and (E) % 
PAS-positive area of airway tissues from OVA-challenged mice treated with or without nornidulin. Dexamethasone (DEX) was used as a control of these experiment. (F) 
Effect of nornidulin on in vivo mucus hypersecretion in OVA-challenged mice. Mucus hypersecretion was evaluated by the levels of MUC5AC, a pathogenic mucin, collected 
from bronchoalveolar lavage fluid (BALF). Both nornidulin and dexamethasone (DEX) significantly reduced mucus hypersecretion. (G) Effect of nornidulin on total immune 
cell number. BALF was collected and immune cells were observed and counted under microscope. Dexamethasone (DEX), but not nornidulin, significantly reduced total 
cells in BALF. Results were analyzed from 5–7 independent experiments and shown as a means of control ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001 compared with control 
group (one-way ANOVA). #p < 0.05; ##p < 0.01; ###p < 0.001; NS, non-statistical difference compared with OVA-challenged groups without any treatment (one-way 
ANOVA).
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the spleen weight (p=0.0263; overall p<0.0001), indicating the induction of systemic inflammation. Dexamethasone 
(5 mg/kg; p<0.0001), an immunosuppressive drug but not nornidulin (p=0.9648), reduced OVA-induced spleen weight 
gain. In addition, H&E staining revealed that nornidulin had no effect on OVA-induced deterioration of lung pathology 
and eosinophil infiltration in the mouse airway epithelial tissues as shown in Figure 8B–D (inflammatory score 3 vs 2.6 
±0.2449; p= 0.573; overall p<0.0001 and Eosinophil count 36.3±4.1309 vs 31.5±6.6427; p=0.8891; overall p=0.0003). 
Interestingly, PAS staining showed that nornidulin significantly reduced OVA-induced mucus production as displayed in 
Figure 8B and E (27.3081±3.1098 vs 17.5601±1.9405; p=0.0422; overall p<0.0001). Dexamethasone suppressed OVA- 
induced lung inflammation (p=0.0056) and eosinophil infiltration (p=0.0263) and mucus production (p=0.0015) in the 
mouse airway epithelial tissues (Figure 8B–F). To investigate the effect of nornidulin on OVA-induced mucin secretion, 
the levels of MUC5AC, a pathogenic mucin protein, in bronchoalveolar lavage fluid (BALF) were measured using 
ELISA kits. Interestingly, nornidulin significantly mitigated MUC5AC levels (1.9809±0.2267 vs 0.8337±0.1654; 
p=0.0011; overall p=0.0020) without affecting the total number of immune cells (p=0.1348; overall p=0.0034) in the 
BALF, whereas dexamethasone significantly suppressed both parameters (Figure 8F and G; MUC5AC p=0.0396; total 
cells p=0.0202).

Discussion
In this study, we report the inhibitory effect of nornidulin, a fungus-derived metabolite, on TMEM16A-dependent, Ca2+- 
activated Cl− secretion in a human airway epithelial cell line (Calu-3 cells). Electrophysiological analyses of TMEM16A- 
mediated airway epithelial Cl− transport and intracellular Ca2+ measurements indicated that the effect of nornidulin on 
TMEM16A inhibition occurs via a Ca2+-independent mechanism. Furthermore, nornidulin suppressed mucin secretion in 
both airway epithelial cells and in vivo allergic asthma model. Notably, nornidulin (N9), an inhibitor of TMEM16A, did 
not modulate inflammatory processes in the OVA-challenged allergic asthma model. Importantly, this study revealed 
a potential remedy for nornidulin in airway mucus hypersecretion in asthma, at least in part, by targeting TMEM16A.

To date, several TMEM16A inhibitors have been identified including T16Ainh-A01, MONNA, and Benzbromarone. 
Some have been tested to mitigate disease phenotypes such as cancer proliferation, hypertension, and diarrhea in vitro 
and in vivo.52 In normal airways, TMEM16A is considered a minor component of CaCC.20 Conversely, immunostaining 
of airway epithelial tissues revealed that TMEM16A was predominantly upregulated in IL-4-primed cultured human 
bronchial epithelial cells and Muc5AC-positive mucus-producing cells in OVA-challenged asthma mouse and guinea pig 
models, as well as in asthmatic patients.19,22,50 Consistently, inhibition of TMEM16A-mediated Cl− secretion by 
Benzbromarone or T16Ainh-A01 energetically abolished OVA-induced and ATP-induced mucin secretion in Th2 cyto-
kine-treated human bronchial epithelial cells, respectively.19,21,22 Therefore, TMEM16A has been recognized as 
a potential drug target for attenuating mucin hypersecretion in asthma In our in vitro model using IL-4-primed Calu-3 
cell monolayers, the Ca2+-activated Cl− current induced by UTP was higher than that induced by IL-4-free Calu-3 cell 
monolayers, suggesting an increase in functional CaCCs in the inflamed airway epithelial cells. We also found that 
a specific inhibitor of TMEM16A (MONNA) completely abrogated the UTP-induced CaCC activity in IL-4-primed 
Calu-3 monolayers. This result confirms that TMEM16A is a major CaCC in inflamed airway epithelial cells, consistent 
with previous findings.19 Indeed, our in vitro model recapitulates the airway epithelia in patients with asthma, which is 
associated with the state of airway goblet cell metaplasia.50 In this study, we searched for bioactive compounds from 
fungal metabolites that can act as TMEM16A inhibitors. Indeed, there are tremendous fungal species.53,54 The fungi 
produce diverse secondary metabolites.55 Importantly, fungal metabolites can be used for large-scale production by the 
pharmaceutical industry.55–57 Therefore, fungal metabolites are fascinating sources for drug discovery.36,38,56,58 Our 
recent study identified zearalenone as a fungal metabolite that inhibits cystic fibrosis transmembrane conductance 
regulator (CFTR), a cAMP-activated Cl− channel.59 Here, we identified two depsidone derivatives including N9 
(nornidulin) and N15 (2-chlorounguinol) from the soil-derived fungus A. unguis PSU-RSPG204 that inhibited 
TMEM16A activity in Calu-3 cells. However, the inhibitory potency of N15 against TMEM16A was poor, with 60% 
inhibition being the maximal effect. Therefore, nornidulin was selected for further analysis of its mechanism of action. 
Inhibition of TMEM16A-mediated apical Cl− secretion may be due to either cell death or epithelial barrier dysfunction. 
Interestingly, nornidulin, at concentrations found to inhibit TMEM16A-mediated Cl− secretion (0.1 µM to 10 µM), is not 
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cytotoxic to airway epithelial cell monolayers, but higher concentration (20 µM) should be concerned about its impacts 
on cell viability and barrier function.

Moreover, we determined the effect of nornidulin on P2Y receptors and intracellular Ca2+ signaling. P2Y is a receptor for 
nucleotides including UTP.60,61 Since nornidulin suppressed UTP-induced TMEM16A activity, it is possible that nornidulin 
might either antagonize P2Y receptor or suppress [Ca2+]i increase (eg, stimulation of Ca2+ ATPase-mediated Ca2+ uptake into 
endoplasmic reticulum). To test these hypotheses, thapsigargin and ionomycin were used to directly increase [Ca2+]i, resulting 
in enhanced TMEM16A-mediated Cl− movement in the Calu-3 monolayers via a P2Y receptor-independent mechanism. 
Thapsigargin is used to inhibit Ca2+ ATPase-mediated Ca2+ uptake on the membrane surface of the endoplasmic reticulum, 
which can lead to the elevation of [Ca2+]i. On the other hand, ionomycin is a Ca2+-specific ionophore that mediates 
extracellular-to-intracellular Ca2+ transport. Both thapsigargin and ionomycin mediate TMEM16A-dependent Cl− 

secretion.62,63 Nornidulin suppressed thapsigargin- and ionomycin-induced TMEM16A-mediated Cl− secretion. 
Interestingly, nornidulin had little effect on [Ca2+]i which does not correspond to its effect on TMEM16A-mediated Cl− 

secretion. Therefore, the effect of nornidulin on TMEM16A function is not mediated by P2Y- or Ca2+-dependent mechanisms. 
Furthermore, CaMKII, a negative regulator of TMEM16A, was unaffected by nornidulin. Therefore, nornidulin might directly 
inhibit TMEM16A expression. Nornidulin consistently suppressed TMEM16A-mediated Cl− efflux induced by Eact, 
a putative TMEM16A activator. However, molecular structural analyses of the nornidulin/TMEM16A interaction need to 
be performed in the future to prove this hypothesis and identify the nornidulin-binding site on TMEM16A. In addition, based 
on our data, we cannot exclude the effect of nornidulin on other mechanisms involving Ca2+-independent negative regulators 
of TMEM16A, including phosphatases PP1 and PP2A.64

Of particular importance, nornidulin suppressed mucus in vitro and extended mucus production in vivo. This disparity 
might be due to the longer exposure time of the lungs to nornidulin for additional reduction of mucus production, which 
was not observed in Calu-3 cell monolayers. We used mucin 5AC (MUC5AC), a pathogenic asthma-associated mucin, 
and PAS staining in lung tissues as markers for the detection of mucus secretion and mucus production, respectively.65 

Unlike dexamethasone (a corticosteroid used as a standard treatment of asthma), nornidulin did not suppress inflamma-
tion in airway tissue, or eosinophil infiltration which is the key pathogenesis of asthma (Figure 8), suggesting that 
nornidulin antagonizes OVA-induced hypersecretion of mucin in an asthmatic mouse model with preserving inflamma-
tory responses to defend against opportunistic infection. Regarding the persistence of Th2 inflammation, eosinophils play 
an important role in airway remodeling characterized by aberrant smooth muscle proliferation and fibroblast activation 
leading to impaired lung function.66 As TMEM16A is required for IL-13-induced cell proliferation,67 inhibition of 
TMEM16A by nornidulin may also alleviate airway remodeling caused by Th2 response and eosinophils. This requires 
further investigation on the effect of nornidulin on airway remodeling. This makes the compound attractive as it might 
reduce asthma symptoms resulted from mucus hypersecretion and airway remodeling without impairing defense 
mechanisms against pathogens such as parasites as seen in the adverse effects of corticosteroid. Therefore, the rate of 
respiratory infection in asthma treatment by nornidulin might be lower than that of other anti-inflammatory drugs. 
Additionally, we did not show that inhibition of TMEM16A by nornidulin is responsible for its action on mucus 
hypersecretion in vivo. To test this hypothesis, TMEM16A knockout mice may be necessary for further studies. In 
addition, the effects of nornidulin on mucus production require further investigation. Unfortunately, TMEM16A knock-
out mice can develop severe epithelial transport abnormalities, tracheomalacia, and death within a month of birth.33

TMEM16A is mainly expressed in inflamed airway epithelia and plays a key role in the hypersecretion of mucus. 
Inhibition of TMEM16A is an alternative way to treat asthma. In this study, we performed both in vitro and in vivo 
experiments to identify TMEM16A and its potential use in the suppression of mucus hypersecretion in an asthmatic 
mouse model. However, Calu-3 cells do not specialize in mucus production or secretion. The effect of nornidulin requires 
further investigation in mucus-producing cells such as rat tracheal epithelial (SPOC1) cells, humanized lung organoid 
models, or lung-on-A-chip models. Further studies are needed to delineate the effects of nornidulin on airway smooth 
muscle contraction, which is regulated by TMEM16A. To gain more knowledge, CRISPR-Cas9-mediated genome 
editing or site-directed mutagenesis of TMEM16A may be useful tools to know more about mechanisms of nornidulin 
on TMEM16A inhibition. For bench-to-bedside translation, the attention should be paid for drug metabolism and 
pharmacokinetic along with pharmacodynamic studies using both in vitro multi-organ chip and in vivo using mice or 
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non-human primates before performing human study in clinical setting. In addition, undesirable adverse effects of 
nornidulin should be further taken into accounts.

Conclusion
In summary, nornidulin, a depsidone derivative from the soil-derived fungus Aspergillus unguis PSU-RSPG204, 
represents a novel TMEM16A inhibitor that holds therapeutic promise for the treatment of airway diseases associated 
with mucus hypersecretion, including asthma. Further research and development of nornidulin and its derivatives may 
provide a novel class of anti-asthmatic drugs.
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