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Abstract: Lubiprostone, a 20-carbon synthetic fatty acid used for the treatment of constipation,
is thought to act through an action on Cl− channel ClC-2. Short chain fatty acids (SCFAs) are produced
and absorbed in the distal intestine. We explore whether SCFAs affect ClC-2, re-examine a possible
direct effect of lubiprostone on ClC-2, and use mice deficient in ClC-2 to stringently address the
hypothesis that the epithelial effect of lubiprostone targets this anion channel. Patch-clamp whole cell
recordings of ClC-2 expressed in mammalian cells are used to assay SCFA and lubiprostone effects.
Using chamber measurements of ion current in mice deficient in ClC-2 or CFTR channels served to
analyze the target of lubiprostone in the distal intestinal epithelium. Intracellular SCFAs had a dual
action on ClC-2, partially inhibiting conduction but, importantly, facilitating the voltage activation of
ClC-2. Intra- or extracellular lubiprostone had no effect on ClC-2 currents. Lubiprostone elicited a
secretory current across colonic epithelia that was increased in mice deficient in ClC-2, consistent with
the channel’s proposed proabsorptive function, but absent from those deficient in CFTR. Whilst SCFAs
might exert a physiological effect on ClC-2 as part of their known proabsorptive effect, ClC-2 plays no
part in the lubiprostone intestinal effect that appears mediated by CFTR activation.

Keywords: ClC-2; intestinal electrolyte transport; short chain fatty acid; lubiprostone; butyrate; CFTR

1. Introduction

Knowledge of how to manipulate pharmacologically intestinal transport processes is important
for the rational design of drugs to combat the intestine’s disorders that can result in diarrheal disease
or constipation. An example is cystic fibrosis (CF), an inherited disease caused by mutations that
impair the function of CFTR, a Cl− channel important in respiratory as well as intestinal fluid secretion.
The search for drugs that target specific defects in the CFTR Cl− channel protein has resulted in
the discovery of modulators useful in the treatment of the disease [1,2]. Lubiprostone, a 20-carbon
synthetic fatty acid with a keto group at position 15, was developed for the treatment of constipation [3].
Lubiprostone was proposed to act by promoting intestinal electrolyte and fluid secretion through the
activation of Cl− channel ClC-2 [4], but this mechanism has been disputed [5].

ClC-2 is one of four mammalian plasma membrane Cl− channels belonging to the CLC family [6].
ClC-2 channels are present in the intestinal epithelium, where they have been proposed to play roles
in fluid and electrolyte transport processes. A report suggesting that ClC-2 may provide an anion
conductance pathway to mediate Cl− secretion in the mouse small intestine was based on a purported
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apical location of the channel [7]. There is now ample evidence that ClC-2 is present at the basolateral
membranes of epithelial cells in the jejunum and colon [8–11]. Expression of ClC-2 in epithelial cell lines
also resulted in the basolateral membrane being driven by structural signals resulting in this subcellular
destination quite generally [10,12]. The absence of ClC-2 from apical membranes in intestinal epithelia
is inconsistent with a role in electrolyte secretion, as it is present in surface epithelial cells, rather than
those from crypts [10], which are the site of fluid secretion.

Functional data implicating ClC-2 in an absorptive ion transport function in the colon, obtained
using a Clnc2−/− mouse, also support a basolateral localization for this channel [11,13]. The ablation
of ClC-2 in a different Clcn2−/− mouse model led to an increase in cAMP-dependent Cl− secretion,
and double mutants lacking ClC-2 and expressing the CF mutant CFTR-∆F08 had a markedly decreased
early lethality [14], presumably due to an alleviation of the intestinal obstruction that normally takes
place in CF animals owing to decreased fluid secretion.

In view of the results described above, it is difficult to envisage that the activation of intestinal ClC-2
channels by lubiprostone could be the mechanism for its action as a drug to antagonize constipation,
but the reality is quite the contrary. An alternative mechanism of action for lubiprostone has been
proposed and supported by strong experimental evidence. In this scenario, lubiprostone would act
as an agonist of EP4 receptors, increasing intracellular cAMPs promoting secretion through CFTR
activation [15–18]. The strongest evidence for an action of lubiprostone through CFTR rather than
ClC-2 activation comes from a study using mice that were genetically deficient in CFTR and biopsy
intestinal tissue from CF patients [19]. Lubiprostone evoked a secretory response in mouse and human
intestinal epithelia that was absent from CFTR null mouse tissue or that of CF patients carrying the
CFTR∆F508 mutant. This work [19] also demonstrated that lubiprostone activated EP4 prostanoid
receptor to induce an increase in cAMP.

All this evidence notwithstanding, the idea that lubiprostone might act directly through ClC-2
activation has persisted. Indeed, in a recent paper, Cuppoletti et al. [20] propose that lubiprostone acts
at a fatty acid binding site in ClC-2, making its purported action on the channel direct and independent
of cAMP and the EP4 receptor. The high expression of ClC-2 in the colon, a site of absorption of
short chain fatty acids (SCFAs) from very high luminal concentrations, led us to explore the possible
regulation of the channel by these compounds. In addition, we have probed the possible role of
ClC-2 in the intestinal effect of lubiprostone, taking advantage of the availability of ClC-2 null mice.
Our results show that ClC-2 can be both activated and blocked by SCFAs but not by lubiprostone.
Our experiments using genetically modified mice show that the secretory effect of lubiprostone in the
colonic epithelium is independent of the presence of ClC-2 but consistent with an activation of CFTR.

2. Materials and Methods

Heterologous expression and electrophysiology. HEK-293 cells were grown and transiently
transfected with the ClC-2 cDNA for ClC-2∆77-86 from Cavia porcellus [21], GenBank sequence
AF113529. The expression plasmid for constructs ClC-2 and πH3-CD8 to identify effectively transfected
cells were as described previously [21]. The bath solution contained the following (mM): 140 NaCl,
2 CaCl2, 1 MgCl2, 22 sucrose, and 10 Hepes, pH 7.4 adjusted with Tris. The pipette solution (35 mM
chloride) contained the following (mM): 100 sodium gluconate, 33 CsCl, 1 MgCl2, 2 EGTA, and 10 Hepes,
pH 7.4 adjusted with Tris. Different concentrations of butyrate, acetate, propionate, and lactate were
achieved by the equimolar replacement of sodium gluconate in the solutions. Changes in liquid
junction potential were calculated [22] and corrected for when necessary.

Standard whole-cell patch-clamp recordings were performed as described elsewhere [23].
The voltage pulse generator and analysis programs were from Axon Instruments. The currents
generated by transfection were not observed in non-transfected cells.

To extrapolate tail currents, double exponentials plus a constant term equation were fitted to
the current deactivation time course and the tail current value calculated as the sum of the size of
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the exponential terms and the constant value. The tail current as a function of the voltage curve was
analyzed by adjusting a Boltzmann distribution, as described [24].

Animals. All animal procedures were reviewed and approved by the local Institutional Animal
Care and Use Committee (protocol 2016-01). The mouse facility at the Centro de Estudios Científicos
(CECs) is AAALAC accredited and adheres to the guidelines in the Guide for the Care and Use of
Laboratory Animals (the Guide, NRC 2011). Mice were bred at the Animal Facility of CECs from
Clcn2−/− [25] or Cftrtm1Eur [26] founders. Animals had access to food and water ad libitum.

Tissue isolation and Ussing chamber experiments. All procedures were carried out by trained
personnel within approved premises. Mice (C57BL/6J background) were euthanized by cervical
dislocation. The colon was excised and opened lengthwise through the mesenteric border; the mucosal
surface of the distal colon was scraped with a glass microscope slide to obtain a partially stripped
mucosal sheet. This type of preparation yields a largely mucosa-containing tissue suitable for the
measurement of transepithelial electrical parameters [27].

The sheet was mounted on a tissue-holding slider (aperture 0.1 cm2) and inserted as a dividing
membrane in a modified Ussing chamber (Physiologic Instruments Inc., San Diego, CA, USA).
The bath solution bathing either side of the epithelial layer contained the following (in mM): 120 NaCl,
25 NaHCO3, 3.3 KH2PO4, 0.8 K2HPO4, 1.2 MgCl2, 1.2 CaCl2, and 10 D-glucose. Both hemichambers
were continuously gassed with 5% CO2 and 95% O2.

A VCC MC2 amplifier (Physiologic Instruments Inc., San Diego, CA, USA) and Acquire & Analyse
v. 2.3 software through a DI-720 data acquisition system (DataQ Instruments, Akron, OH, USA)
were used to continuously measure the transepithelial potential difference (referred to the serosal
compartment), clamp current at zero, and deliver 1 s, 10 µA pulses at 0.2 s intervals. The difference in
current and voltage was used to calculate the tissue resistance and equivalent short-circuit currents
according to Ohm’s law.

Apical 10 µM amiloride (Sigma-Aldrich, St Louis, MO, USA) was added to block Na+ current
through the epithelial sodium channels (ENaC). Apical lubiprostone (Santa Cruz Biotechnology,
Dallas, TX, USA) was used at 0.1 µM. Increase in intracellular cAMP was achieved with 1 µM
forskolin (Merck, Darmstadt, Germany) and 100 µM isobutylmethylxanthine (IBMX, Sigma-Aldrich,
St Louis, MO, USA). The KCNQ1/KCNE3 K+ channel was inhibited using 10 µM chromanol 293B
(Tocris Bioscience, Bristol, UK). Carbachol 100 µM (Sigma-Aldrich, St Louis, MO, USA) was used to
activate muscarinic cholinergic receptors.

3. Results

High intracellular SCFA concentrations are likely attained in the transporting colonocytes during
their absorptive process in the large intestine. Given the presence of ClC-2 in these cells [10], we have
asked whether they might affect the function of the channel. Figure 1 shows current traces for HEK-293
cells expressing ClC-2 obtained by whole-cell patch-clamp recording with an intracellular solution
containing 35 mM Cl− and 100 mM gluconate (panels A and A1) or the same Cl− concentration but
100 mM intracellular butyrate (panels B and B1). The values for the traces indicate the magnitude of the
main activating voltage pulses, which are followed by steps to 30 mV, thus allowing the measurement
of tail currents and therefore the degree of activation reached. Comparison of the traces obtained with
intracellular butyrate and those with gluconate, that we presumed to be inert and impermeant, suggest
that less hyperpolarization is needed to activate ClC-2 when the SCFA is present. This impression is
confirmed by examining the tail currents at 30 mV as a function of the magnitude of the main activating
pulse (Figure 1C). The activation curve for ClC-2 was displaced in the depolarizing direction when
100 mM butyrate was present intracellularly. The V0.5 shifted to a value of −80 ± 1.7 mV (n = 5) from
−107 ± 3.3 mV (n = 7), the V0.5 measured when 100 mM gluconate was the main intracellular anion
(means ± SEM, n is the number of experiments). Figure 1D shows that the butyrate effect follows a
sigmoidal concentration dependence, with concentration giving a half-maximal effect EC50 at 22 mM
and nH value of 2.5. The valence derived from the slope factor is given in panel D1. Similar effects
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on V0.5 can be seen with other SCFAs, and those for 100 mM acetate, propionate, and lactate are also
shown in Figure 1D.Cells 2020, 9, x FOR PEER REVIEW 4 of 15 
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potentials. Main activating pulses were followed by a pulse to 30 mV. The duration of the main 
activating pulses was increased at more positive voltages in order to approximate full activation of 
the conductance. The beginnings of the tail currents at 30 mV were moved to align them in the time 
axis. The intracellular solution contained 35 mM Cl- and 100 mM gluconate. The bath solution 
contained 146 mM Cl-. Full details of the solution composition are given in the Methods section. (B) 
and (B1): as A and A1 but with 100 mM butyrate replacing gluconate in the intracellular solution. 
(C): Normalised tail currents, giving an estimation of apparent open probabilities, calculated as 
described in the text are given for experiments as those in A and B sections. The continuous lines are 
fits of Boltzmann distributions to the data (means ± SEM, n = 7 and 5 for experiments in gluconate 
and butyrate respectively). V0.5 (D) and slope factor (D1) parameters derived from the Boltzmann fits 
at various intracellular butyrate concentrations. Experiments obtained with 100 mM acetate, 
propionate and lactate in the pipette solution are also shown in D. Data are means ± SEM of 2–9 
experiments. 

Figure 1. Effect of intracellular butyrate on ClC-2 currents. (A) and (A1): current traces mediated by
ClC-2 elicited from a holding potential Vh of 0 mV in response to test pulses to the indicated potentials.
Main activating pulses were followed by a pulse to 30 mV. The duration of the main activating pulses
was increased at more positive voltages in order to approximate full activation of the conductance.
The beginnings of the tail currents at 30 mV were moved to align them in the time axis. The intracellular
solution contained 35 mM Cl− and 100 mM gluconate. The bath solution contained 146 mM Cl−.
Full details of the solution composition are given in the Methods section. (B) and (B1): as A and A1 but
with 100 mM butyrate replacing gluconate in the intracellular solution. (C): Normalised tail currents,
giving an estimation of apparent open probabilities, calculated as described in the text are given for
experiments as those in A and B sections. The continuous lines are fits of Boltzmann distributions to
the data (means ± SEM, n = 7 and 5 for experiments in gluconate and butyrate respectively). V0.5 (D)
and slope factor (D1) parameters derived from the Boltzmann fits at various intracellular butyrate
concentrations. Experiments obtained with 100 mM acetate, propionate and lactate in the pipette
solution are also shown in D. Data are means ± SEM of 2–9 experiments.
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Examination of the traces in Figure 1A,B shows that, in the presence of butyrate, the main
activating pulses elicit smaller currents with respect to those of the tail currents at the depolarizing
post-pulse than in the absence of the SCFA. This suggests that, in addition to the activating effect of the
SCFA, butyrate might be blocking inward currents, i.e., anion efflux. That this might be the case is
suggested by closer examination of tail currents in the absence or presence of butyrate (Figure 2B,C,
respectively). The deactivation of the ClC-2 current after activation at −150 mV occurs monotonously
during depolarization to 30 mV (initial portion expanded in Figure 2B1). With 100 mM intracellular
butyrate, the tail current initially increases, as though recovering from the blockade, to then deactivate
in the expected way (Figure 2C,C1). To quantify the apparent inhibition by butyrate, data comparing
activation and deactivation were analyzed at several intracellular concentrations of butyrate, as shown
in Figure 2D. The ratio of the absolute value of the activation current to that of the tail current decreases
as intracellular butyrate concentration increases, consistent with the concept of butyrate acting as a
blocker of ClC-2. The data can be described with a decreasing rectangular hyperbola with IC50 of
25 mM.

To gain an idea about the possible voltage dependence of butyrate’s blocking effect, we have
examined the development of the tail currents at 30 mV after activating pulses of different voltages.
Figure 2E shows traces of normalized tail currents after activation pulses ranging from −70 to −130 mV.
It appears that the tail currents develop with similar kinetics after the different activating pulses,
which would be consistent with low voltage dependence for butyrate inhibition. A similar result was
obtained in four separate experiments.

Concerning SCFA permeability, butyrate and acetate are largely impermeant, as shown in panel F
of Figure 2. The graph shows current vs. voltage curves recorded in a cell dialyzed with a pipette
solution containing 35 mM Cl− and 100 mM gluconate, with a bathing solution of 146 mM Cl−.
The reversal potential of −37.7 ± 0.6 mV (mean and SEM of four separate experiments) is close to
ECl. Replacement of all but 16 mM Cl− with the foreign anions butyrate or acetate displaced the
reversal potential in the depolarized direction, consistent with PX/PCl ratios of 0.08 ± 0.03 (n = 4)
and 0.07 ± 0.02 (n = 4) for butyrate and acetate, respectively, similar to that of the impermeant anion
gluconate (0.08 ± 0.01, n = 4).

Given that lubiprostone is a fatty acid, it is conceivable that a mechanism involved in its proposed
role in the amelioration of constipation could be of that of a ClC-2 blockade, as seen here with SCFAs,
and a consequent diminution in ion absorption. We have now used a Clcn2 null mouse [25] to explore
the role of ClC-2 in the intestinal effect of lubiprostone. Figure 3A shows an ISC recording of the
distal colon epithelium from a wild type (WT) mouse mounted in an Ussing chamber. After blocking
ENaC-mediated Na+ absorptive current with 10µM mucosal amiloride, addition of 0.1µM lubiprostone
elicited a negative current, consistent with anion secretion. This can be inhibited by the addition of
10 µM of chromanol 293B to block the KCNQ1/KCNE3 K+ channel. Further addition of carbachol (Cch,
100 µM carbachol) to the serosal solution to increase intracellular Ca2+ and activate KCa3.1 resulted in
an anion secretory current known to be mediated by CFTR [28], presumably activated by the previous
addition of lubiprostone. The average change in short-circuit current (∆ISC) across the colon epithelium
under the different conditions is given in the right-hand panel of Figure 3A. An experiment performed
on colon tissue from a Clcn2−/− mouse can be seen in Figure 3B. The same additions as in Figure 3A
gave similar responses, revealing in particular that the anion secretory response to lubiprostone was
still present in the epithelium lacking ClC-2. The panel to the right of the current trace gives the average
changes in ISC. None of these differ significantly from those measured in the WT tissues, save the ∆ISC

in response to lubiprostone, that was significantly larger in the colon from Clcn2−/− than in that from
WT mice (p = 0.00355, by t-test). We also probed the effect of the drug in the colonic tissue of mice
carrying the ∆F508 mutant of CFTR, the most common defect causing CF in humans. The lubiprostone
effect was absent from the epithelia of these animals, in which increasing cAMP or addition of Cch
also failed to evoke any anion secretory response, this last compound eliciting a K+ secretory current,
as described previously [28].
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Figure 2. Inhibition of ClC-2 by intracellular butyrate is relieved at positive potentials. (B): current
mediated by ClC-2 elicited by the voltage protocol shown in (A). The intracellular solution contained
35 mM Cl− and 100 mM gluconate. The bath solution contained 146 mM Cl−. (B1): a magnified
view of the time course interval indicated by the box above the trace in B is shown. (C) and (C1):
as (B) and (B1) but with 100 mM butyrate replacing gluconate in the intracellular solution. (D). Ratio
of the absolute value of the current elicited by a −150 mV activating pulses to those of the respective
tail currents at various intracellular butyrate concentrations. Means ± SEM, n = 2–9. (E): traces of
normalised tail currents in the presence of 100 mM butyrate after activation pulses ranging from −70 to
−130 mV. (F): Effect of extracellular anion replacement on ClC-2 current vs. voltage curves. Stretches
encompassing the reversal potential are shown for bath 146 mM Cl− solution and after replacement
of all but 16 mM Cl− by gluconate, acetate or butyrate. The curves were obtained at the end 1.5 s,
−130 mV activating pulse by means of a linear voltage ramp taking the potential to 30 mV in 25 ms.
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Figure 3. Effect of inactivation of Cl- channel ClC-2 on the effect of lubiprostone on anion secretion in
the mouse colon. Traces showing recordings of short circuit currents (ISC) as function of time obtained
using distal colon from WT (A) or Clcn2−/− (B) mice mounted in Ussing chambers. Additions as shown
in the upper bars, were 0.1 µM lubiprostone, 10 µM chromanol 293B (C293B) and 100 µM carbachol
(Cch). All additions were made to the serosal side of the epithelium save for amiloride and lubiprostone,
which was added apically. To the right of each trace corresponding bar graphs summarise the mean
change in short circuit-current (∆ISC) after the different additions as means ± SEM of the six animals
for each genotype. The only statistically significant difference was between the lubiprostone responses
that were larger in tissues from Clcn2−/− mice (P = 0.00355 by one-tailed t-test). (C): Effect of the
same additions as in A and B tested using colon tissue isolated from Cftrtm1Eur mice that express the
CFTR∆F08 mutant. Results summary on the right based on tissues from four animals.
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Finally, we have tested for a direct effect of lubiprostone on currents mediated by ClC-2 when
expressed in HEK-293 cells. A concentration of 0.1 µM lubiprostone was used that, independently of
the interpretation of the mechanism of an eventual effect, has been shown to cause a near maximal
effect [4,18,20]. Figure 4A,B show current traces from cells recorded under control conditions (A)
or when 0.1 µM lubiprostone was present in the intracellular solution (B). The currents in both
cases, activating slowly as voltages for the main pulse became more hyperpolarized, had the typical
appearance of those mediated by ClC-2 channels and were not affected by intracellular lubiprostone.
Sampling current after activation at −130 mV yielded an average of −2.08 ± 0.45 nA (n = 7) under
control conditions and −2.10 ± 0.29 nA (n = 5) for cells with intracellular lubiprostone. In Figure 4C,
the activation curves for the same set of cells are plotted and can be seen to be indistinguishable,
with respective V0.5 values of −100 ± 1.8 and −101 ± 2.0 mV (Figure 4D).
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(A) and after (B) superfusing a HEK-293 cell expressing ClC-2 with 0.1 μM lubiprostone. The 
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filled circles. Similar results (Figure 5D) were obtained in four separate experiments that show that 
there was no significant effect of extracellular lubiprostone on ClC-2. 

Figure 4. Effect of intracellular lubiprostone on ClC-2 mediated currents. Whole cell currents measured
in HEK-293 cells transfected with ClC-2. (A,B): representative current traces, elicited from a Vh of
−30 mV by test pulses ranging from −190 to −10mV in 20mV steps. These were followed by a pulse
to 30mV. (A): control experiment with an extra- and intracellular solution containing respectively
146 and 35 mM Cl−. (B): a similar experiment except for the addition of 0.1 µM lubiprostone to the
intracellular solution. (C): Tail currents plotted against the voltage of the main activating pulse are
means ± SEM of 7 and 5 experiments, respectively. The lines are the averaged Boltzmann fits of the
individual experiments whose V0.5 values are shown in (D).

In Figure 5, on the other hand, the possible effect of external lubiprostone is tested. In A and B are
current traces obtained by pulsing to -130 mV, followed by a deactivating pulse at 30 mV before (A)
and after (B) superfusing a HEK-293 cell expressing ClC-2 with 0.1 µM lubiprostone. The currents in
A and B are part of a train of pulses given at 15-s intervals. The measured currents for the complete
series of pulses is given in C, where traces illustrated in detail in A and B are identified as filled circles.
Similar results (Figure 5D) were obtained in four separate experiments that show that there was no
significant effect of extracellular lubiprostone on ClC-2.
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Figure 5. Effect of extracellular lubiprostone on ClC-2 currents. Whole cell currents measured in
HEK-293 cells transfected with ClC-2. Traces in (A) and (B) were elicited from a Vh of −30 mV by test
pulses to −130 followed by a step to 30mV and correspond to a control current and one taken after
addition of 0.1 µM lubiprostone. Extra- and intracellular solutions were respectively 146 and 35 mM
Cl−. They are part of a train of identical pulses given with a 15 s period. The complete experiment
is reported in (C) through the steady state currents at the main activating pulse. In black the pulses
illustrated in (A) and (B). (D): the effect of lubiprostone in separate individual experiments.

4. Discussion

The bacterial fermentation of undigested carbohydrates and proteins in the mammalian colon
is responsible for the presence of short chain fatty acids (SCFA) in this segment of the intestine.
Intraluminal concentrations of SCFAs in the colon can reach combined levels of the order of 150 mM,
compared to <0.5 mM in the portal circulation [29,30]. More than 95% of the SCFA content of the
distal gut is absorbed by epithelial transport involving both non-ionic diffusion and carrier-mediated
transport [31]. The involvement of both Na+- and H+-coupled transporters has been proposed [32–34].
It is interesting that SCFA, although inhibiting Cl− permeation through ClC-2, also behaves as an
activator that enhances the sensitivity of the channel to voltage, such that it will become more active at
less hyperpolarized potentials. ClC-2 has been proposed to act as the basolateral Cl− efflux pathway in
electroneutral NaCl absorption [11]. As SCFA stimulates electroneutral NaCl absorption in the colonic
epithelium [35,36], our results showing that SCFAs activate ClC-2 channels agree with a pro-stimulatory
effect of SCFA in NaCl transport in intestinal epithelia.

Although our results indicate that SCFAs regulate ClC-2 activity directly, an SCFA-dependent
mechanism involving G-coupled receptors cannot be ruled out. Indeed, SCFAs not only act as
energy sources [37] and histone deacetylase inhibitors [38] in enterocytes but also bind and stimulate
G-coupled receptors [39]. GPR41, GPR43, and GPR109A are G-coupled receptors expressed in several
cell types, including intestinal epithelial cells that are activated by SCFAs in the concentration range
found in the intestinal lumen [40–42]. Little is known regarding the regulation of ClC-2 by G-protein
coupled receptors, but it has been reported that the phosphorylation status of ClC-2 is regulated by
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different kinases such as PKA [43], JAK3 [44], SPAK and OSR1 [45], p34cdc2/cyclin B [46], and protein
phosphatase 1 [46]. It is not known whether these additional putative effects targeting ClC-2 have any
relevance for the physiological function of the channel.

It has also been proposed that lubiprostone promotes a functional switching from
absorptive-to-secretory phenotype in jejunal villous and surface colonic epithelial cells by a mechanism
that facilitates the internalization of key absorptive proteins such as NHE-3, DRA, and ClC-2,
while stimulating the insertion at the plasma membrane of CFTR, NBCe1, and NKCC1, key proteins
involved in intestinal solute secretion [47,48]. Lubiprostone effects would depend on a functional
interplay between prostanoid receptors and cAMP-dependent protein kinase (PKA) [48], but it has
been shown that, although ClC-2 is phosphorylated upon PKA activation in a heterologous system,
there was no functional effect on the channel [43]. It must be pointed out that ClC-2 levels at the plasma
membrane are dynamically regulated by specific endocytosis and exocytosis mechanisms, including
the tyrosine endocytosis motif and intracellular ATP levels [49,50], so it is possible that an increase in
intracellular cAMP induced by lubiprostone might result in the PKA-dependent endocytosis of native
intestinal ClC-2 channels.

Concerning the mechanism of the direct effects of SCFAs on ClC-2, we have not investigated
further the possible location of the site(s) of their action on the channel. The activation of ClC-2 is
known to be dependent on voltage, intracellular Cl−, and extracellular H+. Activation by H+ has been
linked to the neutralization of the so-called gating glutamate identified in ClC protein structures [51],
which is conserved and functionally relevant in ClC-2 [52]. Intracellular Cl− was proposed to favor
this neutralization allosterically by interacting with the most intracellular of three putative anion
binding sites of the channel’s selectivity filter (SF) [53]. More recent analysis from Arreola’s laboratory
proposes that hyperpolarization drives intracellular Cl− into the permeation pathway to displace
the gating glutamate through an electrostatic effect, and this accounts for the voltage-dependent
gating of ClC-2 [54,55]. The poor permeability of butyrate would suggest that the activating effect
might be associated with an interaction with the permeation pathway at a site that does not sense
the membrane potential, perhaps the innermost site of ClC-2 SF. Activation could then be interpreted
as an allosteric effect, as propounded before for Cl− [53], in which case relief of inhibition might
be a flush-through effect of Cl− influx rather than a direct voltage-dependent removal of the SCFA.
An alternative interpretation, of activation taking place by partial voltage-dependent ingress of the
SCFA into the pore without completely traversing it [55], however, cannot be discarded. Nevertheless,
the similar degree of inhibition at various voltages evidenced by data in Figure 2E would militate
against the concept of a voltage-dependent blockade and suggest a site that is superficial with respect
to the electric field across the membrane.

Lubiprostone is a pharmacological agent used in the treatment of constipation [3] that has been
proposed to act by promoting intestinal electrolyte and fluid secretion through the activation of Cl−

channel ClC-2 [4], a mechanism that is now disputed [5,56]. Indeed, ClC-2 channels are basolateral
and required for the absorption of NaCl and KCl in the colon [11]. Consistent with a pro-absorptive
role for ClC-2, cAMP-stimulated Cl− secretion is increased in Clcn2−/− mice and early lethality of the
Cftrtm1Eur mouse, that carries the CFTR-∆F08 CF mutant, is markedly ameliorated upon additional
inactivation of Clcn2 [14]. Lubiprostone effect has been studied in murine models of CF or in tissue
from CF patients [19], which show that increased secretion promoted by the drug is dependent on, and
caused by activation of, CFTR.

Despite the protracted dispute about the mechanism of lubiprostone action, it is surprising that
its effect on intestinal ClC-2 had not been tested through the use of genetic inactivation in animals.
Our results fill this gap and reveal that the presence of ClC-2 is not necessary for lubiprostone action in
intestinal transport. Lubiprostone is capable of eliciting an anion secretory response in the mouse colon,
and this effect is not only not curtailed in the absence of ClC-2 but enhanced. This is consistent with
ClC-2 exerting a proabsorptive effect as it has been deduced from experiments with double mutants
lacking both CFTR and ClC-2 [14] or directly in mice null for ClC-2 [11]. Our own control experiments
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using Cftrtm1Eur mice confirm a previous report [19] that any increase in intestinal anion secretion by
lubiprostone requires the presence of a fully functional CFTR channel and is most probably due to an
increase in cAMP, secondary to the activation of EP4-type prostanoid receptors.

The concept of lubiprostone as a specific activator of ClC-2 originates from work with T84 colonic
carcinoma cells that express the channel but also on recombinant ClC-2 expressed in HEK-293 cells [4].
It has been pointed out [5] that reported results showed “linear, time-independent currents that differ
markedly from ClC-2 currents” and, when tested on the typical well, characterized by ClC-2 slowly
activating inwardly rectifying currents mediated by ClC-2 in heterologous expression in Xenopus
oocytes, there was no effect of lubiprostone [18]. It could be argued that the discrepancy in results
could originate from the different expression systems used. For this reason, we decided to revisit the
problem of a possible direct effect of lubiprostone on ClC-2 heterologously expressed in HEK-293, be it
by intra- or extracellular application of the compound. There was no effect of lubiprostone on ClC-2
activity in either of these experimental situations.

In conclusion, our results are inconsistent with an action of lubiprostone on the activity of the
ClC-2 Cl− channel as a possible explanation for a prosecretory intestinal effect. Clear effects of short
chain fatty acids on the ClC-2 channel revealed here, on the other hand, might be of relevance to
transport processes in the distal intestine. Our results using ClC-2 null mice point to a CFTR-mediated
effect of lubiprostone, most likely mediated by prostanoid receptor activation [19], to underpin any
prosecretory lubiprostone action.

Author Contributions: The experiments were performed at the Centro de Estudios Científicos (CECs) biological
laboratory. M.A.C., M.I.N., L.P.C., and F.V.S. conceived and designed the work. M.A.C., F.J.-K., and M.I.N.
performed the experiments and, together with L.P.C. and F.V.S., analyzed and interpreted the data. M.A.C., M.I.N.,
L.P.C., and F.V.S. drafted the work that was additionally revised critically by F.J.-K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported in part by Fondecyt 1171135 (MAC). The Centro de Estudios Científicos
(CECs) is funded by the Base Financing Programme of Conicyt, Chile.

Acknowledgments: We are grateful to Leandro Zúñiga and Yamil Yusef for their assistance in some of the
electrophysiological experiments. We are grateful to James E. Melvin from the NIH National Institute of Dental
and Craniofacial Research, USA, and Bob J. Scholte from Erasmus University, The Netherlands, for providing the
Clcn2−/− and Cftrtm1Eur mutant mice. Juan Manuel Baamonde and the staff of CECs animal facility are gratefully
thanked for their untiring help.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analysis, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Balfour-Lynn, I.M.; King, J.A. CFTR modulator therapies-Effect on life expectancy in people with cystic
fibrosis. Paediatr. Respir. Rev. 2020. [CrossRef]

2. Clancy, J.P. Rapid therapeutic advances in CFTR modulator science. Pediatr. Pulmonol. 2018, 53, S4–S11.
[CrossRef] [PubMed]

3. Lacy, B.E.; Chey, W.D. Lubiprostone: Chronic constipation and irritable bowel syndrome with constipation.
Expert Opin. Pharmacother. 2009, 10, 143–152. [CrossRef] [PubMed]

4. Cuppoletti, J.; Malinowska, D.H.; Tewari, K.P.; Li, Q.J.; Sherry, A.M.; Patchen, M.L.; Ueno, R. SPI-0211
activates T84 cell chloride transport and recombinant human ClC-2 chloride currents. Am. J. Physiol. Cell
Physiol. 2004, 287, C1173–C1183. [CrossRef] [PubMed]

5. Jentsch, T.J.; Pusch, M. CLC Chloride Channels and Transporters: Structure, Function, Physiology, and
Disease. Physiol. Rev. 2018, 98, 1493–1590. [CrossRef] [PubMed]

6. Thiemann, A.; Gründer, S.; Pusch, M.; Jentsch, T.J. A chloride channel widely expressed in epithelial and
non- epithelial cells. Nature 1992, 356, 57–60. [CrossRef]

7. Gyömörey, K.; Yeger, H.; Ackerley, C.; Garami, E.; Bear, C.E. Expression of the chloride channel ClC-2 in the
murine small intestine epithelium. Am. J. Physiol. 2000, 279, C1787–C1794. [CrossRef]

http://dx.doi.org/10.1016/j.prrv.2020.05.002
http://dx.doi.org/10.1002/ppul.24157
http://www.ncbi.nlm.nih.gov/pubmed/30289627
http://dx.doi.org/10.1517/14656560802631319
http://www.ncbi.nlm.nih.gov/pubmed/19236188
http://dx.doi.org/10.1152/ajpcell.00528.2003
http://www.ncbi.nlm.nih.gov/pubmed/15213059
http://dx.doi.org/10.1152/physrev.00047.2017
http://www.ncbi.nlm.nih.gov/pubmed/29845874
http://dx.doi.org/10.1038/356057a0
http://dx.doi.org/10.1152/ajpcell.2000.279.6.C1787


Cells 2020, 9, 1781 12 of 14

8. Catalán, M.; Cornejo, I.; Figueroa, C.; Niemeyer, M.I.; Sepúlveda, F.V.; Cid, L.P. Expression of ClC-2 chloride
channels in surface epithelium of guinea pig colon: mRNA, protein and functional evidence. Am. J. Physiol.
2002, 283, G1004–G1013.

9. Lipecka, J.; Bali, M.; Thomas, A.; Fanen, P.; Edelman, A.; Fritsch, J. Distribution of ClC-2 chloride channel in
rat and human epithelial tissues. Am. J. Physiol. 2002, 282, C805–C816. [CrossRef]

10. Peña-Münzenmayer, G.; Catalán, M.; Cornejo, I.; Figueroa, C.D.; Melvin, J.E.; Niemeyer, M.I.; Cid, L.P.;
Sepúlveda, F.V. Basolateral localization of native ClC-2 chloride channels in absorptive intestinal epithelial
cells and basolateral sorting encoded by a CBS-2 domain di-leucine motif. J. Cell Sci. 2005, 118, 4243–4252.
[CrossRef]

11. Catalán, M.A.; Flores, C.A.; Gonzalez-Begne, M.; Zhang, Y.; Sepúlveda, F.V.; Melvin, J.E. Severe defects in
absorptive ion transport in distal colons of mice that lack ClC-2 channels. Gastroenterology 2012, 142, 346–354.
[CrossRef]

12. De la Fuente-Ortega, E.; Gravotta, D.; Perez Bay, A.; Benedicto, I.; Carvajal-Gonzalez, J.M.; Lehmann, G.L.;
Lagos, C.F.; Rodríguez-Boulan, E. Basolateral sorting of chloride channel 2 is mediated by interactions
between a dileucine motif and the clathrin adaptor AP-1. Mol. Biol. Cell 2015, 26, 1728–1742. [CrossRef]
[PubMed]

13. Catalán, M.; Niemeyer, M.I.; Cid, L.P.; Sepúlveda, F.V. Basolateral ClC-2 chloride channels in surface colon
epithelium: Regulation by a direct effect of intracellular chloride. Gastroenterology 2004, 126, 1104–1114.
[CrossRef] [PubMed]

14. Zdebik, A.A.; Cuffe, J.E.; Bertog, M.; Korbmacher, C.; Jentsch, T.J. Additional disruption of the ClC-2 Cl−

channel does not exacerbate the cystic fibrosis phenotype of cystic fibrosis transmembrane conductance
regulator mouse models. J. Biol. Chem. 2004, 279, 22276–22283. [CrossRef] [PubMed]

15. Ao, M.; Venkatasubramanian, J.; Boonkaewwan, C.; Ganesan, N.; Syed, A.; Benya, R.V.; Rao, M.C.
Lubiprostone activates Cl- secretion via cAMP signaling and increases membrane CFTR in the human colon
carcinoma cell line, T84. Dig. Dis. Sci. 2011, 56, 339–351. [CrossRef] [PubMed]

16. Cuthbert, A.W. Lubiprostone targets prostanoid EP(4) receptors in ovine airways. Br. J. Pharm. 2011, 162,
508–520. [CrossRef]

17. Hayashi, S.; Kurata, N.; Yamaguchi, A.; Amagase, K.; Takeuchi, K. Lubiprostone prevents nonsteroidal
anti-inflammatory drug-induced small intestinal damage by suppressing the expression of inflammatory
mediators via EP4 receptors. J. Pharm. Exp. 2014, 349, 470–479. [CrossRef] [PubMed]

18. Norimatsu, Y.; Moran, A.R.; MacDonald, K.D. Lubiprostone activates CFTR, but not ClC-2, via the
prostaglandin receptor (EP(4)). Biochem. Biophys. Res. Commun. 2012, 426, 374–379. [CrossRef]

19. Bijvelds, M.J.C.; Bot, A.G.M.; Escher, J.C.; De Jonge, H.R. Activation of intestinal Cl- secretion by lubiprostone
requires the cystic fibrosis transmembrane conductance regulator. Gastroenterology 2009, 137, 976–985.
[CrossRef]

20. Cuppoletti, J.; Tewari, K.P.; Chakrabarti, J.; Malinowska, D.H. Identification of the fatty acid activation site
on human ClC-2. Am. J. Physiol. Cell Physiol. 2017, 312, C707–C723. [CrossRef]

21. Cid, L.P.; Niemeyer, M.I.; Ramírez, A.; Sepúlveda, F.V. Splice variants of a ClC-2 chloride channel with
differing functional characteristics. Am. J. Physiol. 2000, 279, C1198–C1210. [CrossRef] [PubMed]

22. Barry, P.H. JPCalc, a software package for calculating liquid junction potential corrections in patch-clamp,
intracellular, epithelial and bilayer measurements and for correcting junction potential measurements.
J. Neurosci. Meth. 1994, 51, 107–116. [CrossRef]

23. Díaz, M.; Sepúlveda, F.V. Characterisation of Ca2+-dependent inwardly rectifying K+ currents in HeLa cells.
Pflügers Arch. 1995, 430, 168–180. [CrossRef]

24. Varela, D.; Niemeyer, M.I.; Cid, L.P.; Sepúlveda, F.V. Effect of an N-terminus deletion on voltage-dependent
gating of ClC-2 chloride channel. J. Physiol. 2002, 544, 363–372. [CrossRef] [PubMed]

25. Nehrke, K.; Arreola, J.; Nguyen, H.V.; Pilato, J.; Richardson, L.; Okunade, G.; Baggs, R.; Shull, G.E.; Melvin, J.E.
Loss of hyperpolarization-activated Cl− current in salivary acinar cells from Clcn2 knockout mice. J. Biol.
Chem. 2002, 277, 23604–23611. [CrossRef]

26. Van Doorninck, J.H.; French, P.J.; Verbeek, E.; Peters, R.H.; Morreau, H.; Bijman, J.; Scholte, B.J. A mouse
model for the cystic fibrosis delta F508 mutation. Embo. J. 1995, 14, 4403–4411. [CrossRef]

27. Andres, H.; Rock, R.; Bridges, R.J.; Rummel, W.; Schreiner, J. Submucosal plexus and electrolyte transport
across rat colonic mucosa. J. Physiol. 1985, 364, 301–312. [CrossRef]

http://dx.doi.org/10.1152/ajpcell.00291.2001
http://dx.doi.org/10.1242/jcs.02525
http://dx.doi.org/10.1053/j.gastro.2011.10.037
http://dx.doi.org/10.1091/mbc.E15-01-0047
http://www.ncbi.nlm.nih.gov/pubmed/25739457
http://dx.doi.org/10.1053/j.gastro.2004.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15057749
http://dx.doi.org/10.1074/jbc.M309899200
http://www.ncbi.nlm.nih.gov/pubmed/15007059
http://dx.doi.org/10.1007/s10620-010-1495-8
http://www.ncbi.nlm.nih.gov/pubmed/21140215
http://dx.doi.org/10.1111/j.1476-5381.2010.01058.x
http://dx.doi.org/10.1124/jpet.114.213991
http://www.ncbi.nlm.nih.gov/pubmed/24713141
http://dx.doi.org/10.1016/j.bbrc.2012.08.097
http://dx.doi.org/10.1053/j.gastro.2009.05.037
http://dx.doi.org/10.1152/ajpcell.00267.2016
http://dx.doi.org/10.1152/ajpcell.2000.279.4.C1198
http://www.ncbi.nlm.nih.gov/pubmed/11003600
http://dx.doi.org/10.1016/0165-0270(94)90031-0
http://dx.doi.org/10.1007/BF00374647
http://dx.doi.org/10.1113/jphysiol.2002.026096
http://www.ncbi.nlm.nih.gov/pubmed/12381811
http://dx.doi.org/10.1074/jbc.M202900200
http://dx.doi.org/10.1002/j.1460-2075.1995.tb00119.x
http://dx.doi.org/10.1113/jphysiol.1985.sp015746


Cells 2020, 9, 1781 13 of 14

28. Flores, C.A.; Melvin, J.E.; Figueroa, C.D.; Sepúlveda, F.V. Abolition of Ca2+-mediated intestinal anion secretion
and increased stool dehydration in mice after inactivation of the intermediate conductance Ca2+-dependent
K+ channel Kcnn4. J. Physiol. 2007, 583, 705–717. [CrossRef]

29. Cummings, J.H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlane, G.T. Short chain fatty acids in human
large intestine, portal, hepatic and venous blood. Gut 1987, 28, 1221–1227. [CrossRef]

30. Bergman, E.N. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species.
Physiol. Rev. 1990, 70, 567–590. [CrossRef]

31. Chu, S.; Montrose, M.H. Non-ionic diffusion and carrier-mediated transport drive extracellullar pH regulation
of mouse colonic crypts. J. Physiol. 1996, 494, 783–793. [CrossRef] [PubMed]

32. Gupta, N.; Martin, P.M.; Prasad, P.D.; Ganapathy, V. SLC5A8 (SMCT1)-mediated transport of butyrate forms
the basis for the tumor suppressive function of the transporter. Life Sci. 2006, 78, 2419–2425. [CrossRef]
[PubMed]

33. Hadjiagapiou, C.; Schmidt, L.; Dudeja, P.K.; Layden, T.J.; Ramaswamy, K. Mechanism(s) of butyrate transport
in Caco-2 cells: Role of monocarboxylate transporter 1. Am. J. Physiol. Gastrointest Liver Physiol. 2000, 279,
G775–G780. [CrossRef] [PubMed]

34. Thangaraju, M.; Cresci, G.; Itagaki, S.; Mellinger, J.; Browning, D.D.; Berger, F.G.; Prasad, P.D.; Ganapathy, V.
Sodium-coupled transport of the short chain fatty acid butyrate by SLC5A8 and its relevance to colon cancer.
J. Gastrointest Surg. 2008, 12, 1773–1781. [CrossRef] [PubMed]

35. Binder, H.J.; Mehta, P. Characterization of butyrate-dependent electroneutral Na-Cl absorption in the rat
distal colon. Pflug. Arch. 1990, 417, 365–369. [CrossRef] [PubMed]

36. Vidyasagar, S.; Ramakrishna, B.S. Effects of butyrate on active sodium and chloride transport in rat and
rabbit distal colon. J. Physiol. 2002, 539, 163–173. [CrossRef]

37. Donohoe, D.R.; Garge, N.; Zhang, X.; Sun, W.; O’Connell, T.M.; Bunger, M.K.; Bultman, S.J. The microbiome
and butyrate regulate energy metabolism and autophagy in the mammalian colon. Cell Metab. 2011, 13,
517–526. [CrossRef]

38. Boffa, L.C.; Vidali, G.; Mann, R.S.; Allfrey, V.G. Suppression of histone deacetylation in vivo and in vitro by
sodium butyrate. J. Biol. Chem. 1978, 253, 3364–3366.

39. Couto, M.R.; Goncalves, P.; Magro, F.; Martel, F. Microbiota-derived butyrate regulates intestinal inflammation:
Focus on inflammatory bowel disease. Pharm. Res. 2020, 159, 104947. [CrossRef]

40. Thangaraju, M.; Cresci, G.A.; Liu, K.; Ananth, S.; Gnanaprakasam, J.P.; Browning, D.D.; Mellinger, J.D.;
Smith, S.B.; Digby, G.J.; Lambert, N.A.; et al. GPR109A is a G-protein-coupled receptor for the bacterial
fermentation product butyrate and functions as a tumor suppressor in colon. Cancer Res. 2009, 69, 2826–2832.
[CrossRef]

41. Brown, A.J.; Goldsworthy, S.M.; Barnes, A.A.; Eilert, M.M.; Tcheang, L.; Daniels, D.; Muir, A.I.;
Wigglesworth, M.J.; Kinghorn, I.; Fraser, N.J.; et al. The Orphan G protein-coupled receptors GPR41
and GPR43 are activated by propionate and other short chain carboxylic acids. J. Biol. Chem. 2003, 278,
11312–11319. [CrossRef] [PubMed]

42. Le Poul, E.; Loison, C.; Struyf, S.; Springael, J.Y.; Lannoy, V.; Decobecq, M.E.; Brezillon, S.; Dupriez, V.;
Vassart, G.; Van Damme, J.; et al. Functional characterization of human receptors for short chain fatty acids
and their role in polymorphonuclear cell activation. J. Biol. Chem. 2003, 278, 25481–25489. [CrossRef]
[PubMed]

43. Park, K.; Begenisich, T.; Melvin, J.E. Protein kinase A activation phosphorylates the rat ClC-2 Cl- channel but
does not change activity. J. Membr. Biol. 2001, 182, 31–37. [CrossRef] [PubMed]

44. Warsi, J.; Elvira, B.; Hosseinzadeh, Z.; Shumilina, E.; Lang, F. Downregulation of chloride channel ClC-2 by
Janus kinase 3. J. Membr. Biol. 2014, 247, 387–393. [CrossRef] [PubMed]

45. Warsi, J.; Hosseinzadeh, Z.; Elvira, B.; Bissinger, R.; Shumilina, E.; Lang, F. Regulation of ClC-2 activity by
SPAK and OSR1. Kidney Blood Press Res. 2014, 39, 378–387. [CrossRef] [PubMed]

46. Furukawa, T.; Ogura, T.; Zheng, Y.J.; Tsuchiya, H.; Nakaya, H.; Katayama, Y.; Inagaki, N. Phosphorylation
and functional regulation of ClC-2 chloride channels expressed in Xenopus oocytes by M cyclin-dependent
protein kinase. J. Physiol. 2002, 540, 883–893. [CrossRef]

47. Akiba, Y.; Kaunitz, J.D. May the truth be with you: Lubiprostone as EP receptor agonist/ClC-2 internalizing
“inhibitor”. Dig. Dis. Sci. 2012, 57, 2740–2742. [CrossRef]

http://dx.doi.org/10.1113/jphysiol.2007.134387
http://dx.doi.org/10.1136/gut.28.10.1221
http://dx.doi.org/10.1152/physrev.1990.70.2.567
http://dx.doi.org/10.1113/jphysiol.1996.sp021532
http://www.ncbi.nlm.nih.gov/pubmed/8865074
http://dx.doi.org/10.1016/j.lfs.2005.10.028
http://www.ncbi.nlm.nih.gov/pubmed/16375929
http://dx.doi.org/10.1152/ajpgi.2000.279.4.G775
http://www.ncbi.nlm.nih.gov/pubmed/11005765
http://dx.doi.org/10.1007/s11605-008-0573-0
http://www.ncbi.nlm.nih.gov/pubmed/18661192
http://dx.doi.org/10.1007/BF00370654
http://www.ncbi.nlm.nih.gov/pubmed/2080102
http://dx.doi.org/10.1113/jphysiol.2001.013056
http://dx.doi.org/10.1016/j.cmet.2011.02.018
http://dx.doi.org/10.1016/j.phrs.2020.104947
http://dx.doi.org/10.1158/0008-5472.CAN-08-4466
http://dx.doi.org/10.1074/jbc.M211609200
http://www.ncbi.nlm.nih.gov/pubmed/12496283
http://dx.doi.org/10.1074/jbc.M301403200
http://www.ncbi.nlm.nih.gov/pubmed/12711604
http://dx.doi.org/10.1007/s00232-001-0026-0
http://www.ncbi.nlm.nih.gov/pubmed/11426297
http://dx.doi.org/10.1007/s00232-014-9645-0
http://www.ncbi.nlm.nih.gov/pubmed/24615260
http://dx.doi.org/10.1159/000355816
http://www.ncbi.nlm.nih.gov/pubmed/25323061
http://dx.doi.org/10.1113/jphysiol.2001.016188
http://dx.doi.org/10.1007/s10620-012-2410-2


Cells 2020, 9, 1781 14 of 14

48. Jakab, R.L.; Collaco, A.M.; Ameen, N.A. Lubiprostone targets prostanoid signaling and promotes ion
transporter trafficking, mucus exocytosis, and contractility. Dig. Dis. Sci. 2012, 57, 2826–2845. [CrossRef]

49. Cornejo, I.; Niemeyer, M.I.; Zúñiga, L.; Yusef, Y.R.; Sepúlveda, F.V.; Cid, L.P. Rapid recycling of ClC-2 chloride
channels between plasma membrane and endosomes: Role of a tyrosine endocytosis motif in surface retrieval.
J. Cell Physiol. 2009, 221, 650–657. [CrossRef]

50. Dhani, S.U.; Kim, C.P.; Huan, L.J.; Bear, C.E. ATP depletion inhibits the endocytosis of ClC-2. J. Cell Physiol.
2008, 214, 273–280. [CrossRef]

51. Dutzler, R.; Campbell, E.B.; MacKinnon, R. Gating the selectivity filter in ClC chloride channels. Science 2003,
300, 108–112. [CrossRef] [PubMed]

52. Niemeyer, M.I.; Cid, L.P.; Zúñiga, L.; Catalán, M.; Sepúlveda, F.V. A conserved pore-lining glutamate as a
voltage- and chloride-dependent gate in the ClC-2 chloride channel. J. Physiol. 2003, 553, 873–879. [CrossRef]
[PubMed]

53. Niemeyer, M.I.; Cid, L.P.; Yusef, Y.R.; Briones, R.; Sepúlveda, F.V. Voltage-dependent and -independent
titration of specific residues accounts for complex gating of a ClC chloride channel by extracellular protons.
J. Physiol. 2009, 587, 1387–1400. [CrossRef] [PubMed]

54. Sánchez-Rodríguez, J.E.; De Santiago-Castillo, J.A.; Contreras-Vite, J.A.; Nieto-Delgado, P.G.;
Castro-Chong, A.; Arreola, J. Sequential interaction of chloride and proton ions with the fast gate steer the
voltage-dependent gating in ClC-2 chloride channels. J. Physiol. 2012, 590, 4239–4253. [CrossRef]

55. De Jesús-Pérez, J.J.; Castro-Chong, A.; Shieh, R.C.; Hernández-Carballo, C.Y.; De Santiago-Castillo, J.A.;
Arreola, J. Gating the glutamate gate of CLC-2 chloride channel by pore occupancy. J. Gen. Physiol. 2016, 147,
25–37. [CrossRef]

56. Flores, C.A. ClC-2 and intestinal chloride secretion. Am. J. Physiol. Gastrointest Liver Physiol. 2016, 311, G775.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10620-012-2352-8
http://dx.doi.org/10.1002/jcp.21900
http://dx.doi.org/10.1002/jcp.21192
http://dx.doi.org/10.1126/science.1082708
http://www.ncbi.nlm.nih.gov/pubmed/12649487
http://dx.doi.org/10.1113/jphysiol.2003.055988
http://www.ncbi.nlm.nih.gov/pubmed/14617675
http://dx.doi.org/10.1113/jphysiol.2008.167353
http://www.ncbi.nlm.nih.gov/pubmed/19153159
http://dx.doi.org/10.1113/jphysiol.2012.232660
http://dx.doi.org/10.1085/jgp.201511424
http://dx.doi.org/10.1152/ajpgi.00310.2016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

