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Abstract

Secretory diarrhea, a major global health concern, particularly among young children, is

often characterized by excessive chloride secretion through the cystic fibrosis transmem-

brane conductance regulator (CFTR) channel. Nornidulin, a fungus-derived natural product

from Aspergillus unguis, has previously been shown to inhibit cAMP-induced Cl- secretion in

T84 cells (human intestinal cell lines). However, the cellular mechanism of nornidulin in

inhibiting cAMP-induced Cl- secretion and its anti-secretory efficacy is still unknown espe-

cially in a human colonoid model, a preclinical model recapitulating intestinal physiology in

humans. This research study aimed to examine the mechanism of nornidulin to inhibit

cAMP-induced chloride secretion and assess its ability to reduce fluid secretion in both T84

cells and human colonoid models. Apical Cl- current analyses showed that nornidulin inhib-

ited CFTR-mediated Cl- current in T84 cells with IC50 of ~1.5 μM. Nornidulin treatment had

no effect on CFTR protein expression. Additionally, the inhibitory effects of nornidulin on

CFTR-mediated chloride currents were unaffected by the presence of compounds that

inhibit negative regulators of CFTR function, such as protein phosphatases, AMP-activated

protein kinases, and phosphodiesterases. Interestingly, nornidulin suppressed the increase

in intracellular cAMP levels caused by forskolin, an activator of adenylate cyclases, in T84

cells. Using human colonoid models, we found that nornidulin significantly suppressed the

forskolin and cholera toxin-induced fluid secretion, indicating that nornidulin exerted an anti-

secretory effect in human intestinal epithelia. Collectively, nornidulin represents a novel

class of fungus-derived inhibitors of CFTR-mediated Cl- secretion, potentially making it a

promising candidate for the development of anti-secretory treatments.
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Introduction

Secretory diarrhea remains an important health problem, especially in developing countries.

This disease is more complex and severe in children under five years old, which accounts for

~1–2 billion cases per year worldwide [1]. The mortality rate of secretory diarrheas in children

under five years of age is highest in five countries, including Nigeria, China, India, Pakistan, and

Congo, despite the use of fluid replacement as mainstay therapy [2]. Therefore, there is a need to

develop a novel adjunctive therapy to reduce the severity of secretory diarrheas, particularly by

targeting their pathogenic mechanisms. The pathophysiology of secretory diarrheas involves

excessive intestinal fluid and Cl- secretion, triggered by various etiological agents and com-

pounds including bacterial enterotoxins (e.g. cholera toxin), bile acids, and medications (e.g. fla-

vopiridol and afatinib) [3, 4]. Indeed, the process of intestinal Cl- secretion is facilitated by two

primary mechanisms: Cl- uptake via Na+-K+-2Cl- cotransporters and Cl- efflux through apical

Cl- channels, predominantly the cystic fibrosis transmembrane conductance regulator (CFTR).

Furthermore, Na+-K+ ATPases and K+ channels located on the basolateral membrane play a cru-

cial role in maintaining the electrochemical gradient necessary for sustained Cl- secretion [5, 6].

CFTR, a cAMP-activated chloride channel, is a member of the ATP-binding cassette super-

family. It is composed of five primary domains: two transmembrane domains (TMD1 and

TMD2), which are connected to two nucleotide-binding domains (NBD1 and NBD2) at the

cytosolic sites. The NBDs are also connected to the regulatory domain (R domain) [7]. TMDs

consist of 12 membrane-spanning domains, which are equally separated into TMD1 and 2.

TMD1 and TMD2 are connected to form an anion gate at the plasma membrane, allowing

transport of anions especially Cl-. NBDs at the cytosolic sites, where ATP is bound and hydro-

lyzed, enabling dimerization of NBDs and opening of the gate [8]. Furthermore, the R domain,

located between the NBDs, undergoes phosphorylation by cAMP-dependent protein kinase A.

This phosphorylation enhances both the open probability and ATP hydrolysis of CFTR [9, 10].

Negative regulators of CFTR activities include phosphodiesterases (PDE), which degrade

cAMP, protein phosphatases (PP) especially type 2A and 2C, which dephosphorylate CFTR,

and AMP-activated protein kinases (AMPK), which phosphorylate at the inhibitory sites of R

domains [10, 11].

Up to now, researchers have identified several CFTR inhibitors that have demonstrated effi-

cacy in treating secretory diarrheas in animal models of enterotoxin-induced intestinal disor-

ders [12–14]. CFTR inhibitors are categorized into direct and indirect CFTR inhibitors based

on their mechanism of action. Direct CFTR inhibitors exert their inhibitory effect directly on

the CFTR e.g. CFTRinh-172 and GlyH-101 [15]. Indirect CFTR inhibitors exert their effect on

other proteins regulating CFTR functions e.g. CHAL-025 and flufenamic acid, which have

been shown to inhibit CFTR by mechanisms involving AMPK activation [16, 17]. Natural

resources including plants and microorganisms are regarded as important sources of bioactive

compounds for drug discovery [18]. Indeed, several types of compounds from fungi including

arthropsolide A, zearalenone, and α,β-dehydrolovastatin have demonstrated inhibitory effects

on CFTR-mediated intestinal Cl- secretion and shown efficacy in reducing enterotoxin-

induced fluid secretion in murine models [19–21]. Interestingly, nornidulin, a depsidone

derivative isolated from the soil fungus Aspergillus unguis PSU-RSPG204, has been shown to

inhibit CFTR-mediated Cl- secretion in human intestinal epithelial T84 cells [22]. Neverthe-

less, the precise mechanism of action and anti-secretory efficacy of nornidulin in human colo-

noid models, which serve as ex vivo representations of the human colon, remain unelucidated.

This investigation sought to elucidate the cellular mechanisms underlying CFTR inhibition by

nornidulin and to assess its potential as an anti-secretory agent using both T84 cells and

human colonoid models [23].

PLOS ONE Nornidulin as a CFTR inhibitor and anti-secretory agent

PLOS ONE | https://doi.org/10.1371/journal.pone.0314723 December 23, 2024 2 / 16

Innovation (grant number B05F650041). Financial

support from the National Research Council of

Thailand (grant N41A640096) was also gratefully

acknowledged. The funders had no role in the

study design, data collection and analysis, decision

to publish, or preparation of this manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0314723


Material and methods

Chemical reagents

Nornidulin was isolated from both the soil-derived fungus Aspergillus unguis PSU-RSPG204

and the marine-derived A. unguis PSU-MF16, as previously described [22, 24]. Purity of norni-

dulin (>98%) was analyzed by TLC chromatogram and the 1H NMR spectrum. The NMR

spectroscopic data and the NMR spectra of nornidulin were shown in S1 File. Nornidulin was

dissolved in DMSO. Fetal bovine serum (FBS), culture media, trypsin, penicillin, and strepto-

mycin were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Antibodies

against CFTR and β-actin were purchased from Cell Signaling Technology (Boston, MA,

USA). Cholera toxins from Vibrio cholerae (product no.100B: Lot no. 10071A2) were pur-

chased from List Biological Laboratories (Campbell, CA, USA). Other compounds and chemi-

cals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

T84 cells at passage 10–30 from the American Type Culture Collection (Manassas, VA, USA)

were cultured in a mixture of Dulbecco’s Modified Eagle’s medium and Ham’s F-12 medium

(1:1) supplemented with 5% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. T84 cells

were cultured in a humidified incubator under an atmosphere of 95% O2/ 5% CO2 at 37˚C.

The culture medium was changed every two days, and cells were split at 80% confluence.

Measurement of short-circuit current (Isc) and apical Cl- current (ICl
-)

T84 cells were seeded on the Snapwell polycarbonate inserts with 0.4 μm pore polyester mem-

brane at a density of 5×105 cells/insert (Costar, New York, NY, U.S.A.). The cultured media

were replaced daily for two weeks, when the transepithelial electrical resistance of T84 mono-

layers measured by Millicell ERS-2 volt-ohm meter (Merck Ltd., An affiliate of Merck KGaA,

Darmstadt, Germany) was>1,000 O.cm2. For Isc measurements, the insert was mounted into

the Ussing chambers, in which both hemichambers were filled with symmetrical Kreb’s solu-

tions (pH 7.4) containing 120 mM NaCl, 25 mM NaHCO3, 3.3 mM KH2PO4, 0.8 mM

K2HPO4, 1.2 mM MgCl2, 1.2 mM CaCl2 and 10 mM glucose. For apical ICl
- measurements,

solutions with low Cl- and high Cl- concentrations (pH 7.4) were added into apical and baso-

lateral hemichambers, respectively, to generate the basolateral-to-apical Cl- gradient. The high

Cl- solutions contained 130 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM

MgCl2, 10 mM Na-HEPES, and 10 mM glucose. In low Cl- solutions, 65 mM NaCl was

replaced by 65 mM sodium gluconate, and the concentration of CaCl2 was increased to 2 mM.

To establish basolateral membrane permeabilization, amphotericin B was added into the baso-

lateral hemichamber (250 μg/mL) and incubated for 30 min before apical ICl
- measurement.

Solutions were maintained at 37˚C and bubbled with 95% O2/5% CO2 for Isc measurement

and 100% O2 for apical ICl
- measurement, respectively. Isc and apical ICl- were recorded by

DVC-1000 voltage-clamp (World Precision Instruments, Sarasota, FL, U.S.A.) with Ag/AgCl

electrodes and 3M KCl agar bridges.

Cell viability assays

T84 cells were plated at a density of 1 × 105 cells/well in 96-well plates and cultured overnight.

Then, cells were cultured for 24 h with media containing DMSO (control) or nornidulin at

various concentrations from 0.5 μM to 5 μM. The cells were incubated for 4 h with 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT reagent) at 5 mg/mL.
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The blue formazan product was dissolved with DMSO. The absorbance was detected at 540

nm using a spectrophotometer.

Western blotting analysis

T84 cells were plated onto 6-well plates at 1.5×10⁶ cells per well. After treatment with either

vehicle or nornidulin for 24 h, cell lysates were prepared using RIPA buffer containing prote-

ase inhibitors. Protein concentrations were quantified using the Bradford assay. Then, equiva-

lent amounts of protein were separated by SDS-PAGE on 10% gel and transferred to

nitrocellulose membranes. The membranes were blocked with 5% milk for 60 min and incu-

bated overnight at 4˚C with primary antibodies against CFTR and β-actin. After washing, the

membranes were probed with horseradish peroxidase-conjugated secondary antibodies.

Chemiluminescence was used to visualize the protein bands and their intensities were analyzed

using ImageJ software. Original blots were in S2 File.

Intracellular cAMP measurements

The intracellular cAMP level was measured by the cAMP Parameter Assay Kit (Cat#

KGE002B, R&D Systems, Minneapolis, Minnesota, USA). T84 cells were plated onto 24-well

plates at a density of 5x105 cells/well and cultured for a day. Cells were then incubated for 1 h

with DMSO, forskolin (5 μM), nornidulin (5 μM) and forskolin plus nornidulin. At the time

of cAMP assay, the cells were centrifuged, and supernatants were discarded. Cells were resus-

pended in a cell lysis buffer (diluted 1:5) to a concentration of 1 x 107 cells/mL. Conjugated

horseradish peroxidase (HRP)-cAMP was used to compete with intracellular cAMP for bind-

ing to anti-cAMP antibodies. The optical density (O.D.) was measured using the multi-mode

microplate reader (Biotek, Life Science, Inc., USA). Intracellular cAMP level was calculated

from a standard curve of samples with known cAMP levels.

Human colonoid swelling assays

Human epithelial crypt-like cells were obtained from colon tissue biopsies. Crypt isolation was

performed as previously described with minor modifications [23]. This study has been

approved by the Human Research Ethics Committee, Faculty of Medicine Ramathibodi Hos-

pital, Mahidol University (permit number MURA2024/212). Colonoids for this study were

collected from healthy subjects at Faculty of Medicine, Ramathibodi Hospital during year

2020–2021 with written informed consent. In brief, human colon tissues were washed with a

chelated solution containing 5.55 mM Na 2HPO4, 7.9 mM KH2PO4, 95.82 mM NaCl, 1.6 mM

KCl, 43.82 mM sucrose, 54.89 mM D-sorbitol, and 0.5 mM dithiothreitol. Crypt fraction was

centrifuged and embedded in 30 μL of Matrigel (catalog number 356231, Corning, NY, USA)

in a 24-well plate. Human colonoids were maintained in DMEM-HG-based culture medium

supplemented with 50% WRN (Wnt3A, R-spondin, Noggin) conditioned medium, 50 ng/mL

EGF, 10 nM Gastrin, 0.5 μM A83-01, 10 μM Y-27632, 10 μM SB202190 and 2.5 μM

CHIR99021. Human colonoids were grown in a CO2 incubator at 37˚C (5% CO2) with culture

media being replaced every two days. After ten passages, colonoids were cultured in a 48-well

plate with 15 μL of Matrigel and 300 μL complete medium for 2–3 days. Swelling of the human

colonoids was monitored by random imaging every 5 min using the BioTek Cytation™ 5 Cell

Imaging Multi-Mode Reader after treatment with forskolin (5 μM), forskolin plus nornidulin,

cholera toxin (2 μg/mL), or cholera toxin plus nornidulin. Swelling of colonoids was calculated

as the relative area increased from 0 min to 60/240 min and analyzed as the area under the

curve (AUC) using CellProfiler 4.2.1 program.
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Statistical analysis

All results are expressed as means ± S.E.M. The statistical analyses of the difference between

control and treatment groups were tested using one-way ANOVA followed by Bonferroni’s

post hoc test. The P value < 0.05 was considered statistically significant. GraphPad Prism soft-

ware was used for all data analyses. Minimal data set was in S3 File.

Results

Modulation of cAMP-mediated chloride efflux by nornidulin in colonic

epithelial cells (T84 line)

Nornidulin was obtained from the extracts of culture broths of the fungi A. unguis
PSU-RSPG204 and PSU-MF16 [22, 24]. The chemical structure of nornidulin was shown in

Fig 1. To elucidate the inhibitory mechanism of nornidulin on cAMP-mediated chloride

efflux, short-circuit current (Isc) was measured across T84 colonic epithelial monolayers. For-

skolin (FSK), a potent adenylyl cyclase (AC) agonist, was applied apically at 20 μM to elevate

intracellular cAMP levels and subsequently induce chloride secretion. Nornidulin exhibited

dose-dependent inhibition of FSK-stimulated, cAMP-mediated chloride efflux, with an IC50 of

1.49 ± 0.14 μM and maximal inhibition at approximately 5 μM (Fig 2A). Notably, nornidulin

did not alter basal Isc in T84 cells (Fig 2 and inset). To assess potential cytotoxicity, T84 cells

were exposed to nornidulin for 24 hours at concentrations up to 5 μM. Cell viability was quan-

tified using the MTT assay, with 10% DMSO as a positive control for cytotoxicity. Results indi-

cated no significant reduction in T84 cell viability at the tested nornidulin concentrations (Fig

2B).

Effect of nornidulin on CFTR-mediated apical ICl
- in T84 cells

To determine the polarity of nornidulin’s action, Isc measurements were conducted in T84

cells. Nornidulin was respectively added to both the basolateral and apical solutions at two

concentrations (2 μM and 5 μM). We found that the inhibitory effect of apical additions of

nornidulin on the cAMP-induced Cl− secretion was higher than that of basolateral additions

(Fig 3A). This result suggested that nornidulin may inhibit CFTR, a cAMP-dependent apical

Cl- channels in T84 cells. To confirm this hypothesis, the effect of nornidulin on CFTR-

Fig 1. Chemical structure of nornidulin.

https://doi.org/10.1371/journal.pone.0314723.g001
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mediated Cl- transport was investigated using the apical ICl
- measurements in T84 cells. In this

experiment, amphotericin B was used to permeabilize basolateral membrane and asymmetrical

buffers of Cl- ([Cl-] in basolateral buffers> [Cl-] in apical buffers) was used to generate a baso-

lateral-to-apical Cl- gradient. It was found that nornidulin inhibited the CFTR-mediated apical

ICl
- in a dose-dependent manner with an IC50 value of 1.19 ± 0.18 μM and near complete inhi-

bition at 5 μM (Fig 3B). In addition, western blot analysis showed that 24-h incubation with

nornidulin at 5 μM had no effect on CFTR protein expression in T84 cells (Fig 3C). These find-

ings suggested that nornidulin inhibited cAMP-induced Cl- secretion by reducing the activities

of CFTR Cl- channel.

Fig 2. Modulation of cAMP-mediated Cl− efflux and cell viability by nornudulin in T84 cells. (A) Demonstrates nornidulin’s impact on cAMP-mediated Cl-

efflux stimulated by 20 μM forskolin (FSK). Various concentrations of nornidulin were applied to the apical solutions (n = 5). The inset graph shows nornidulin’s

effect on basal current at different concentrations (n = 5). (B) Cell viability after 24-hour exposure to varying concentrations of nornidulin in apical solutions

(n = 5). A 10% DMSO solution serves as the positive control. Results are presented as percentage of cell viability relative to the control ± standard deviation (S.D.).

****, p<0.0001 compared to control, while "ns" denotes non-significant differences from the control.

https://doi.org/10.1371/journal.pone.0314723.g002
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Mechanisms of CFTR inhibition by nornidulin in T84 cells

Mechanisms of CFTR inhibition by nornidulin were investigated by both apical ICl
- measure-

ments and intracellular cAMP assays. To investigate effects of nornidulin on CFTR Cl- trans-

port activities induced by direct activation, genistein (20 μM), a direct activator of CFTR, was

used to stimulate the CFTR-mediated apical ICl
-. We found that nornidulin inhibited the

genistein-induced apical ICl
- with an IC50 value of 1.40 ± 0.21 μM and near complete inhibition

at 5 μM in T84 cells (Fig 4A and 4F). To examine whether the mechanisms of CFTR inhibition

by nornidulin was downstream to cAMP and cAMP generation/degradation processes, a cell-

permeable cAMP CPT-cAMP (100 μM) and FSK plus IBMX (phosphodiesterase inhibitor;

100 μM) was used as CFTR activators. Our results showed that nornidulin inhibited both

CPT-cAMP and FSK plus IBMX-induced apical ICl
- in T84 cells with IC50 values of

Fig 3. The polarity of inhibition by nornidulin on cAMP-induced Cl− secretion in T84 cells. (A) Shows a representative short-circuit current (Isc) trace. In this

experiment, nornidulin was applied at various concentrations to both the basolateral and apical sides of the cell layer after stimulation with FSK (n = 5). (B)

Illustrates the dose-dependent response of nornidulin on CFTR-mediated apical chloride current (ICl-) in T84 cells. Before activating CFTR with FSK, the

basolateral membrane was first made permeable by using amphotericin B (250 μg/mL for 30 minutes). Nornidulin was then added to the apical side at different

concentrations. The graph shows a representative trace of the apical chloride current (ICl-) (n = 5). (C) Western blot analysis of CFTR protein expression in T84

cells after 24-h exposure to nornidulin (5 μM) (n = 8). ns, non-significant compared with control.

https://doi.org/10.1371/journal.pone.0314723.g003
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Fig 4. Mechanisms of CFTR inhibition by nornidulin in T84 cells. (A) A representative trace of apical chloride current (ICl-) is shown. CFTR was first

stimulated with 20 μM genistein, followed by the addition of nornidulin at various concentrations to the apical side (n = 5). (B–E) Examine how upstream

regulatory proteins affect nornidulin’s inhibition of CFTR-mediated apical chloride current (ICl-). T84 cells were pre-treated with specific activators or

inhibitors: CPT-cAMP (100 μM) for PKA, IBMX (100 μM) for PDE, NaF plus Na3VO4 (1 mM) for PP, and Compound C (50 μM) for AMPK. After pre-

treatment, dose-inhibition studies with nornidulin were performed, with each experiment repeated five times (n = 5). (F) Compiles dose-response curves from

all the dose-inhibition studies. The data are fitted to Hill’s equation and presented as means of percentage of agonist-stimulated apical chloride current (ICl-),

with standard error of the mean (S.E.M.) indicated (n = 5).

https://doi.org/10.1371/journal.pone.0314723.g004
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1.03 ± 0.13 μM and 1.13 ± 0.16 μM, respectively (Fig 4B, 4C and 4F). Furthermore, to investi-

gate whether the inhibitory effect of nornidulin on CFTR was via protein phosphatases and

AMPK, negative regulators of CFTR channel activities, T84 cells were pretreated with NaF

plus Na3VO4 (protein phosphatase inhibitors; 1 mM) or compound C (AMPK inhibitor;

50 μM) before performing concentration-inhibition studies of nornidulin in T84 cells using

FSK as a CFTR activator. We found that IC50 values of nornidulin in T84 cells pretreated with

NaF plus Na3VO4 and compound C were 1.29 ± 0.12 μM and 1.09 ± 0.17 μM, respectively (Fig

4D–4F).

Furthermore, effects of nornidulin on intracellular cAMP levels in T84 cells were evaluated

using the cAMP Parameter Assay Kit. An-hour incubation with nornidulin showed no signifi-

cant effect on basal intracellular cAMP levels compared with control (vehicle-treated group)

(Fig 5). However, nornidulin significantly suppressed the FSK-induced elevation of

Fig 5. The effect of nornidulin on intracellular cAMP level. The experiment involved pretreating T84 cells for one

hour with different conditions: vehicle (control), nornidulin, N9 (5 μM), nornidulin (5 μM) with FSK (5 μM), or FSK

(5 μM). Following treatment, intracellular cAMP levels were determined using a cAMP assay kit. The results are

expressed as cAMP concentrations with standard deviation (S.D.) (n = 5–6). ns, not significantly different from the

control group. **, p<0.01 compared to the indicated group. ****, p<0.0001 compared to the indicated group.

https://doi.org/10.1371/journal.pone.0314723.g005
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intracellular cAMP level (Fig 5). This result indicated that nornidulin interfered with the FSK-

induced cAMP elevation in T84 cells.

Anti-secretory efficacy of nornidulin in human colonoid models

To determine the anti-diarrheal application of nornidulin, the anti-secretory efficacy of norni-

dulin was evaluated using a swelling assay in human colonoid models. In this experiment,

bright-field images of human colonoids were acquired at 0 and indicated time points after

treatment with FSK (5 μM) or cholera toxin (CT, 2 μg/mL). After FSK treatment, the relative

area of volume increased by ~ 50% within 60 min compared with control (Fig 6), reflecting the

cAMP-induced intestinal fluid secretion in this model. Pre-treatment with nornidulin (10 μM)

significantly suppressed the FSK-induced colonoid swelling by ~ 25%. Furthermore, CT

Fig 6. The effect of nornidulin on FSK-induced fluid secretion in human colonoid models. Effect of nornidulin on fluid secretion in human colonoids after 60

min of FSK treatment. (A) Bright-field images of colonoids after FSK (5 μM) with or without treatment with nornidulin (10 μM) at indicated time points (scale bar:

50 μm). (B) Swelling of colonoids was evaluated by relative area increased from 0 min to 60 min. (C) The area under the curve (AUC) of each condition is

calculated from (B.) Each experiment was repeated independently (n = 6). **, p<0.01 versus FSK alone.

https://doi.org/10.1371/journal.pone.0314723.g006

PLOS ONE Nornidulin as a CFTR inhibitor and anti-secretory agent

PLOS ONE | https://doi.org/10.1371/journal.pone.0314723 December 23, 2024 10 / 16

https://doi.org/10.1371/journal.pone.0314723.g006
https://doi.org/10.1371/journal.pone.0314723


treatment induced an increase in the relative area of volume by ~ 100% within 240 min com-

pared with control (Fig 7). While nornidulin at 10 μM and 20 μM was found to have no signifi-

cant effect on CT-induced colonoid swelling (data not shown, nornidulin at 40 μM

significantly suppressed the CT-induced colonoid swelling by ~ 50% (Fig 7). These results sug-

gested that nornidulin possessed the anti-secretory effect in the human colonoid models.

Discussion

CFTR is an attractive target for anti-diarrheal drug discovery. Several CFTR inhibitors have

been discovered from natural sources. Nornidulin, isolated from the soil-derived fungus A.

Fig 7. The effect of nornidulin on cholera toxin-induced fluid secretion in human colonoid models. Effect of nornidulin on fluid secretion in human colonoids

after 240 min of cholera toxin treatment. (A) Bright-field images of colonoids after cholera toxin (2 μg/mL) with or without treatment with nornidulin (40 μM) at

indicated time points (scale bar: 50 μm). (B) Swelling of colonoids was evaluated by relative area increased from 0 min to 240 min. (C) The area under the curve

(AUC) of each condition is calculated from (B.) Each experiment was repeated independently (n = 3).***, p<0.001 compared to the control group. *, p<0.05

compared to cholera toxin-treated group.

https://doi.org/10.1371/journal.pone.0314723.g007
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unguis, is one of the compounds that exert an anti-secretory effect through CFTR Cl- channels

inhibition. In this study, using T84 cells, we found that nornidulin inhibited CFTR via mecha-

nisms independent of PKA, PDE, PP, and AMPK. Importantly, nornidulin suppressed the

CFTR-mediated fluid secretion in human intestinal organoids.

Nornidulin is a depsidone derivative isolated from various species of fungi. It exhibits mul-

tiple biological activities including anti-aromatase, antibacterial, antifungal, antimalarial, and

antidiarrheal activities [22, 25–27]. The chemical properties of nornidulin have been depicted

in previous studies [22, 28]. According to Lipinski’s rule of five, the orally administered drugs

should follow five criteria: molecular weight (MW)< 500 g/mol, a calculated octanol-water

partition coefficient (Clog P) < 5, hydrogen bond donor (HBD) count< 5 with hydrogen

bond acceptor (HBA) count< 10, rotatable bond count (Rot B)< 10, and polar surface area

(PSA) < 140A˚2 [29]. Nornidulin has MW of 429.7 g/mol, Clog P 6.5, HBD 2, HBA 5, Rot B 1,

and PSA 76A˚2, indicating that nornidulin is an acceptable compound for development as an

orally administered drug. Additionally, nornidulin showed no toxicity in T84 cells in this

study, which supports the drug-like potential of nornidulin. However, the pharmacokinetic

profile of nornidulin is still unknown. Therefore, further study on pharmacokinetics of norni-

dulin should be performed.

The mechanism of CFTR inhibition by nornidulin was investigated in this study. Our data

suggest that nornidulin inhibits CFTR Cl- channels activity directly. Indeed, the mechanism of

direct CFTR inhibition can be explained in a comprehensive manner. Briefly, the mechanisms

of well-known direct CFTR inhibitors are divided into two main modes of action: gate control-

ling and pore occluding mechanisms [30]. Gate controlling mode is a mechanism in which

inhibitors stabilize the gate in a closed state leading to a prolonged closed time. CFTRinh-172

and PPQ-102 inhibit CFTR by this mechanism [31, 32]. For the pore occluding mechanism,

inhibitors directly block Cl- secretion by binding at the channel’s pore region, either externally

or internally. GlyH-101 and MalH are using this mechanism to inhibit CFTR [15, 33]. Further

studies of the direct CFTR inhibition mechanism of nornidulin should be clarified for the fur-

ther development of this compound. In addition, nornidulin inhibited the FSK-induced eleva-

tion of intracellular cAMP, suggesting that mechanisms of CFTR inhibition by nornidulin

may be both via a direct pathway and by lowering intracellular cAMP levels. One of the possi-

ble mechanisms is via activation of Gαi, which function to reduce the cAMP level by inhibiting

adenylate cyclases [34]. Further studies are required to test this assumption.

Several natural compounds that lower cAMP levels have been identified for treating dis-

eases characterized by high cAMP level, such as hyperalgesia, diabetes, and polycystic kidney

diseases [35–37]. These compounds act through two main mechanisms: activating phosphodi-

esterases (PDEs) and inhibiting adenylate cyclases (ACs). Compounds possessing PDE-activat-

ing activies include curcumin, ginsenoside, and berberine, which have been demonstrated to

reduce hepatic gluconeogenesis in primary hepatocytes [38–40]. Although no natural com-

pounds are known as AC inhibitors, ST034307, a chromone derivative, has been discovered to

selectively inhibit AC1, offering potential for pain management [41, 42]. It is noteworthy that

chromone, a common core structure found in various natural compounds like those from

endophytic fungi and marine sponge-associated fungi, shares structural similarities with nor-

nidulin. Exploring compounds and derivatives with chromone or depsidone-based structures

could lead to identification of new AC inhibitors. However, given the crucial role of cAMP in

multiple biological pathways, potential side effects must be carefully considered.

In the human colonoid model, nornidulin (10 μM) attenuated the forskolin-induced fluid

secretion. However, the extent of suppression of the organoid swelling was less than that of Cl-

secretion in T84 cells. This may be due to the difficulty in accessibility of nornidulin to CFTR

on the apical sides of intestinal epithelial cells in the colonoid model, where nornidulin was
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added to the basolateral sides. Furthermore, anti-secretory efficacy of nornidulin was evaluated

in the colonoid models using cholera toxin (CT) as a secretagogue. We found that nornidulin,

albeit at a higher concentration (40 μM), significantly suppressed the CT-induced organoid

swelling. The difference in the effective concentrations of nornidulin may be resulted from dif-

ferent mechanisms and levels of fluid secretion induced by FSK and CT. Since cGMP is

known to stimulate CFTR-mediated Cl- secretion and mediate the secretory effect of heat-sta-

ble toxins (STa) from enterotoxigenic Escherichia coli via cGMP-protein kinase G II (PKG II)-

CFTR pathway [43], we envision that nornidulin may be effective in inhibiting cGMP/STa-

induced Cl- or fluid secretion, which warrants further investigations.

In summary, nornidulin is identified as a novel inhibitor of CFTR Cl- channels possibly by

mechanisms involving direct inhibition and intracellular cAMP reduction, which is involved

in the pathogenesis of secretory diarrheas. Further studies and development on nornidulin

and its derivatives may provide promising sources for developing new antidiarrheal drug

candidates.
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