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Abstract

Many medications induce diarrhea as a side effect, which can be a major obstacle to therapeutic
efficacy and also a life-threatening condition. Secretory diarrhea can be caused by excessive fluid
secretion in the intestine under pathological conditions. The cAMP/cGMP-regulated cystic fibrosis
transmembrane conductance regulator (CFTR) is the primary chloride channel at the apical
membrane of intestinal epithelial cells and plays a major role in intestinal fluid secretion and
homeostasis. CFTR forms macromolecular complexes at discreet microdomains at the plasma
membrane, and its chloride channel function is regulated spatiotemporally through protein-protein
interactions and cAMP/cGMP-mediated signaling. Drugs that perturb CFTR-containing
macromolecular complexes in the intestinal epithelium and upregulate intracellular cAMP and/or
cGMP levels can hyperactivate the CFTR channel, causing excessive fluid secretion and secretory
diarrhea. Inhibition of CFTR chloride-channel activity may represent a novel approach to the
management of drug-induced secretory diarrhea.
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1. Introduction

Diarrhea is a common side effect for many medications and accounts for approximately 7%
of all drug-induced adverse effects, with over 700 drugs indicated to cause diarrhea [1-3].
Drugs including laxatives, antacids and heartburn medications, antibiotics, chemotherapy
medication, anti-inflammatories as well as many supplements frequently cause diarrhea
[4-6]. Drug-induced diarrhea can be acute or chronic, the severity of which is dictated by
drug dosage and duration and frequency of administration [7]. In addition to causing
dehydration, electrolyte imbalance, renal insufficiency, and immune dysfunction, drug-
induced diarrhea decreases the efficiency of therapeutic interventions. Currently, standard
approaches to mitigate a diarrheal side effect include dose reductions, treatment delays,
discontinuation of therapy, and rehydration [8]. These approaches may temporarily relieve
the diarrhea; however, they do not resolve the ‘root cause’ nor benefit the efficiency of
ongoing therapeutic interventions.

Drugs can induce different types of diarrheas, including osmotic diarrhea, secretory
diarrhea, inflammatory diarrhea, exudative diarrhea, fatty diarrhea, and motility diarrhea [1,
9]. For this review, we focus on the current understanding of drug-induced secretory
diarrhea, particularly the molecular mechanisms underlying secretory diarrhea pathogenesis
and the role of the cystic fibrosis transmembrane conductance regulator (CFTR) chloride
channel in this process. Identification of a treatable target will facilitate the development of
therapies that not only mitigate drug-induced diarrheal side effects, but increase the
efficiency of the drug being used.
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2. CFTR chloride channel and its role in intestinal fluid secretion and

homeostasis

2.1 The domain structure of CFTR and channel regulation

CFTR is a member of the ATP-binding cassette (ABC) transporter superfamily and has two
repeated membrane-spanning domains (MSD). Each of these domains contains six helices
and is associated with a cytoplasmic nucleotide-binding domain (NBD) that can bind and
hydrolyze ATP. Two halves of CFTR are linked by a cytoplasmic regulatory domain (R-
domain) that has several consensus phosphorylation sites. N-linked glycosylation sites are
located on the extracellular loop between the 71" and 8 transmembrane helices [10]. CFTR
has been shown to form macromolecular complexes with a wide variety of binding partners,
particularly through the C-terminal PDZ-binding motif [11]. The formation of these
macromolecular complexes enables the spatial-temporal regulation of CFTR channel
function (Fig 1. A) [12].

The CFTR chloride channel can be activated by two key processes: 1) Phosphorylation of
the R-domain by various protein kinases. 2) Binding and hydrolysis of ATP at the two
NBDs. There are multiple signaling-network proteins involved in phosphorylation of CFTR.
Adenylyl cyclases and guanylyl cyclases catalyze the formation of cAMP (from ATP) and
cGMP (from GTP), respectively. cAMP and cGMP activate cAMP-dependent protein kinase
A (PKA), cAMP-dependent protein kinase C (PKC), and Type 1| cGMP-dependent protein
kinase (PKG-II), which subsequently phosphorylate the R-domain of CFTR [13]. The CFTR
chloride channel is deactivated by dephosphorylation of the R domain through protein
phosphatase 2 (PP2) C and PP2 A [14]. Inhibition of cyclic nucleotide phosphodiesterases
(PDE) also elicits high levels of cAMP and cGMP and activates the CFTR channel (Fig 1.
B) [15].

2.2 CFTR-containing macromolecular complexes

A wide variety of proteins have been discovered to interact with CFTR, including
transporters, ion channels, receptors, kinases, phosphatases, and cytoskeletal elements [16].
The PDZ-binding motif at the C-terminal tail of CFTR enables its binding to PDZ-domain-
containing proteins, including Na*/H* exchanger regulatory factors 1 and 2 (NHERF1 and
NHERF2), PDZ-domain-containing protein in kidney 1 (PDZK1), NHERF4, SH3, ankyrin
repeats containing protein 2 (SHANK?2), and CFTR-associated ligand (CAL). Because these
PDZ-domain-containing proteins typically have multiple PDZ domains and can dimerize,
they also bind to other proteins that have PDZ-binding motifs and can bridge them to CFTR
to form macromolecular complexes [17]. Examples of known CFTR-containing
macromolecular complexes include the CFTR, NHERF1, and j3,-adrenergic receptor (p2-
AR) complex, the CFTR, NHERF2, lysophosphatidic acid receptor 2 (LPA,) complex, and
the CFTR, PDZK1, multidrug resistance protein 4 (MRP4) complex [18-20]. The dynamic
protein-protein interactions within these macromolecular complexes play important roles in
regulating CFTR channel function and potentially could be targeted for treating diseases
associated with altered CFTR channel function.
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2.3 Arole for CFTR in intestinal fluid secretion

CFTR is a chloride-ion channel protein at the apical membrane of epithelial cells lining
several organs, including the intestine. CFTR has a critical role in transepithelial chloride
transport and intestinal fluid secretion and homeostasis [21]. Chloride ions enter intestinal
epithelial cells via the Na*-K*-2CI~ co-transporter at the basolateral side and exit at the
apical side, primarily through CFTR, into the lumen [22]. Concurrently, water moves
osmoatically into the lumen through the paracellular transport mechanism, leading to fluid
secretion. Hyperactivation of the CFTR channel causes excessive fluid secretion into the
intestinal lumen, which could overwhelm the fluid reabsorption capacity of the colon and
cause secretory diarrhea. Since CFTR is a major chloride channel at the apical side of
intestinal epithelial cells, inhibition of CFTR channel function represents a promising
approach to mitigating the drug-induced secretory diarrhea side effect.

2.4 A new model to study secretory diarrhea: intestinal enteroids

Until recently, limited models were available to study CFTR-mediated intestinal fluid
secretion. Generally, the traditional two-dimensional epithelial cultures are not
physiologically relevant to the structure and function of the intestine. Animal models are
physiologically relevant, but are not suitable for certain applications such as early-stage drug
screening. A new model system, three-dimensional cultures of primary intestinal enteroids,
has been developed to recapitulate crypt structure and epithelial differentiation [23]. The
culture method is relatively easy, fast and robust, and suitable to study intestinal fluid
secretion and CFTR channel activity. Crypts can be isolated and purified from the small
intestine of adult mice or human biopsies and cultured in Matrigel [24]. Central lumen-like
structures and protruding villus-like structures are formed in each enteroid, mimicking the
native intestinal epithelium [25]. The interior walls of the enteroid consist of a polarized
epithelial monolayer with a distinct inner luminal surface and an outer basolateral surface
(Fig. 2A). An example of using a human enterosphere (the early stage in the development of
an enteroid) to study CFTR-mediated fluid secretion is provided in Figure 2B-C. Forskolin
(FSK), which elicits high intracellular cAMP levels, was used to activate CFTR channels
and caused significant fluid secretion, represented by the volume changes of the luminal
area. A CFTR inhibitor (channel blocker), CFTRinh-172, significantly abolished the FSK-
induced fluid secretion (Fig. 2B). Tannic acid, which also is a CFTR inhibitor and Ca2*-
activated chloride channel inhibitor, attenuated FSK-induced and CFTR-mediated fluid
secretion in a dose-dependent manner (Fig. 2C). These two examples not only demonstrate
that intestinal enteroids are physiologically relevant systems to study fluid secretion, but also
indicate that inhibition of CFTR channel function is a possible approach to attenuate
excessive intestinal fluid secretion under pathological conditions, such as in drug-induced
secretory diarrhea.
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3. Drug-induced secretory diarrhea: A role for CFTR in the pathogenic
process

3.1 Drug as substrate/inhibitor of MRP4

Like CFTR, MRP4 is a member of the ABC superfamily of transporters, and it plays an
important role in transporting a wide variety of endogenous and xenobiotic organic anionic
compounds out of cells [26]. Some of the endogenous substrates of MRP4 play important
roles in cellular communication and signaling, including cAMP, cGMP, ADP, eicosanoids,
bile acids, urate, and conjugated steroid hormones [27]. MRP4 is critical for the absorption,
disposition, or excretion of targeted drugs, including antivirals (e.g., adefovir, zidovudine,
tenofovir), antibiotics (e.g., ceftizoxime), antihypertensives (e.g., furosmide, olsesartan), and
chemotherapy agents (e.g., methotrexate, topotecan, irinotecan). All of these drugs have
been reported to cause diarrheal side effects [27, 28].

Based on previous findings that MRP4 complexes with CFTR (mediated by PDZK1) and
CFTR plays an important role in intestinal fluid secretion, we recently investigated the role
of CFTR in the pathogenic process of acute secretory diarrhea induced by two drugs,
irinotecan (an anti-colon cancer drug) and zidovudine (an antiretroviral drug), both of which
are substrates of MRP4 [25]. We found that binding of these drugs to MRP4 inhibits MRP4-
mediated cAMP efflux and augments the formation of MRP4-PDZK1-CFTR complexes; the
net result of which is elevated cAMP levels in close proximity to CFTR, which then
hyperactivates CFTR channel function to cause excessive chloride ion efflux and fluid
secretion [25]. Although we studied only these two drugs, it seems rational to speculate that
MRP4-PDZK1-CFTR complexes play a critical role in other drug-induced secretory
diarrhea, especially for drugs that are substrates or inhibitors of MRP4 (Fig. 3) [25].

3.2 Drug as inhibitor of cyclic nucleotide phosphodiesterase 4 (PDE4)

PDE catalyzes the hydrolysis of cCAMP to AMP and cGMP to GMP and thereby, inhibition
of PDE increases intracellular cAMP or cGMP [29]. Thus, PDE plays important roles in
regulating intracellular concentrations and downstream effects of these secondary
messengers. PDE4 isoforms, such as PDE4D3 and PDE4D5, have been shown to be
involved in compartmentalized cAMP signaling by forming complexes with PKA and other
signaling components [30]. PDE4D has been reported to co-localize with CFTR at the apical
membrane of airway epithelium, and PDE4 inhibitors (e.g., rolipram, cilomilast) stimulate
CFTR channel function in excised apical patches of Calu-3 cells [31]. Targeted inhibition of
PDE4 has been pursued as a way of reducing inflammation in patients with asthma and
COPD. However, clinical utility of PDEA4 inhibitors has been limited by adverse effects,
including diarrhea. Considering that PDE4 isoforms interact with CFTR and are involved in
compartmentalized cAMP signaling, the diarrheal side effect associated with PDE4 inhibitor
therapies might be due to, at least in part, the hyperactivation of CFTR channel function

(Fig. 3).
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3.2 Miscellaneous drugs

Auranofin is an orally administrated anti-rheumatic drug that induces severe or ongoing
diarrhea as a side effect [32]. The formation of Au(CN),™ is thought to be important in the
metabolism of auranofin. Access of Au(CN),™ to two cysteines from the cytoplasmic side is
faster in an open CFTR channel, whereas access to the same sites from the extracellular side
is faster when the channel is closed [33, 34]. Therefore, auranofin activates CFTR chloride-
channel function by controlling channel gating. Calcitonin is used for treating
postmenopausal osteoporosis, Paget's disease of bone, and hypercalcemia [35]. Calcitonin
activates the calcitonin receptor, which is a G protein-coupled receptor, and activates
adenylyl cyclases (AC) to generate cCAMP and subsequently induce CFTR-mediated
chloride secretion in intestinal epithelial cells [36]. Clinical uses of prostaglandins based on
the luteolytic effect are short cycling, estrous synchronization, treatment of persistent
corporalutea, and termination of pregnancy [37]. The diarrheal side effect associated with
prostaglandins can be attributed to the finding that prostaglandins bind the Gs alpha subunit
and activate AC, which then activates CFTR via CAMP-mediated signaling [38].
Chenodeoxycholic acid is a bile acid used to treat gallstones that is associated with a
diarrheal symptom [39]. Chenodeoxycholic acid has been shown to activate the canonical
cAMP-signaling pathway to phosphorylate CFTR and increase CFTR recruitment to the
apical membrane, thereby stimulating CFTR channel function [40]. Digoxin is used to treat
heart failure, and its primary mechanism of action involves inhibition of Na*/K* ATPase
[3]. This inhibition causes an increase in intracellular sodium levels, resulting in a reversal
of the action of sodium-calcium exchanger, which normally imports three extracellular
sodium ions into the cell and transports one intracellular Ca?* out of the cell. Increased
amounts of intracellular Ca2* lead to increased storage of calcium in the sarcoplasmic
reticulum and causes activation of Ca2*-activated chloride channels, including CFTR [41].

4. Perspective: Inhibition of CFTR for the management of drug-induced

secretory diarrhea

Compelling evidence suggests a role for CFTR in the pathogenic process of drug-induced
secretory diarrhea. Since CFTR is a validated drug target for cystic fibrosis therapy and
combating enterotoxin-induced secretory diarrhea, inhibition of CFTR channel function is a
potentially viable approach to management of drug-induced secretory diarrhea [42, 43].
Several potent small-molecule CFTR inhibitors with improved pharmacokinetics properties
have been discovered, including BPO-27 and iOWHO032 [44]. Also, several types of natural
products have been identified as potent CFTR inhibitors, including crofelemer, LPA, and
tannic acid [45-47]. Crofelemer has been tested in clinical trials for treating several types of
secretory diarrhea, including cholera, AIDS-induced diarrhea, and traveler's diarrhea [48].
Tannic acid has an anti-diarrheal effect and high antioxidant capacity, and it improves
intestinal epithelial barrier function [47].

5. Conclusion

Diarrhea is a common adverse effect of drug medications that can be elicited through
different pathophysiological mechanisms. For drug-induced secretory diarrhea, particularly
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for drugs that perturb the intracellular secondary messenger signaling, compelling evidence

Ssu

ggests a role for CFTR in the pathogenic process. Since CFTR is a validated therapeutic

target for cystic fibrosis and a target for other types of secretory diarrhea, inhibition of
CFTR channel function represents a potential approach to management of drug-induced
secretory diarrhea and is encouraged by the discovery and development of potent CFTR
inhibitors, both synthetic small-molecules and natural products.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A. The domain structure of cystic fibrosis transmembrane conductance regulator
(CFTR)

The CFTR chloride channel is activated by phosphorylation of the R domain and ATP
binding to, and hydrolysis by, the two NBD. NBD, nucleotide binding domain; R-domain,
regulatory domain; MSD, membrane-spanning domain; PDZ, PSD-95, Dlg, and ZO-1. B.
CFTR forms macromolecular complexes at discrete domains underneath the apical plasma
membrane. CFTR channel activity is regulated by dynamic protein-protein interactions and
CAMP- and cGMP-mediated signaling. AC, adenylyl cyclase; GCC, guanylyl cyclase C;
sGC, soluble guanylyl cyclase; PKG-II, protein kinase G-11; PDE, phosphodiesterase; PP2,
protein phosphatase 2; MRP4, multidrug resistance protein 4; f2-AR, po-adrenergic
receptor; LPA,, lysophosphatidic acid receptor 2; NHERF1, Na*/H* exchanger regulatory
factor 1; PDZK1, PDZ domain-containing protein in kidney 1. The two red arrows to and
from PKA PKG-II show activation of PKA/PKG-II and CFTR. The blue line indicates
dephosphorylation of the R domain by PP2.
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Figure 2. Using human intestinal enteroids to study fluid secretion
A. Images of an enterosphere. F-actin staining shows the apical (luminal) side of human

enterosphere. DAPI is used to stain the nuclei. B. Representative phase-contrast images
showing the forskolin (FSK)-induced and CFTR-mediated fluid secretion in human
intestinal enterosphere, which was abolished by using a specific CFTR channel blocker
CFTRIinh-172. C. Tannic acid attenuated the FSK-induced and CFTR-mediated fluid
secretion in human intestinal enteroids. The inhibitory effect of tannic acid was dose-
dependent. The values represent the mean + SEM (n =10 enteroids per group) in this bar
graph.
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Figure 3. Molecular mechanism contributing to drug-induced fluid secretion in the intestine
A. Under physiological conditions, intracellular cAMP and cGMP levels are

spatiotemporally regulated by actions of AC, GCC, PDE, and MRP4. B. Under pathological
conditions such as drug-induced secretory diarrhea, drugs inhibit the activities of PDE
and/or inhibit the efflux of cCAMP/cGMP through MRP4; the net result is elevated cCAMP
and/or cGMP levels in proximity to CFTR that hyperactivate the chloride-channel activity.
The red arrows show activation of PKA/PKG-II or CFTR.
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