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Abstract

Background: Acetylcholine (ACh), a crucial neurotransmitter for gas-
tric contractions, induces triphasic contraction in stomach. However, 
the precise mechanism of ACh-induced phasic contractions (AiPCs) 
remains unclear. Recent data suggest the chloride channel (Cl- chan-
nel) may be the principal channel for AiPC in the stomach. Previous 
studies demonstrated that the opening of the ATP-sensitive potassium 
(KATP) channel inhibits AiPC. However, it has not been studied whether 
inhibition of energy metabolism can regulate AiPC in gastric smooth 
muscles via this channel. This study investigated whether AiPC in gas-
tric smooth muscle are mediated by chloride channels and modulated 
by KATP channels under conditions of energy metabolism inhibition.

Methods: Isolated gastric smooth muscle strips from mice and hu-
mans were used to record isometric contraction. The subunits of Cl- 
and KATP channels were evaluated by Western blot.

Results: Niflumic acid and 4,4′-diisothiocyanatostilbene-2,2′-disulfonic 
acid (DIDS), known to block the Cl- channel, inhibited AiPC in gastric 
smooth muscles of mice. Sodium cyanide (NaCN) and dextro-mannitol, 

which inhibit energy metabolism, reduced AiPC in gastric smooth mus-
cles of mice. NaCN also lowered AiPC in gastric smooth muscles of 
humans and vasomotion in human arterial smooth muscles. By Western 
blot, subunits of the KATP and Cl- channels were identified in gastric 
smooth muscles of mice and arterial smooth muscles of humans.

Conclusions: This is the first study to demonstrate that suppression of 
energy metabolism reduces AiPC through activation of KATP channels in 
both murine and human gastric smooth muscle, linking metabolic state 
to excitatory neurotransmission. Vasomotions in arterial smooth mus-
cles of humans are also decreased by inhibition of energy metabolism.

Keywords: Gastric motility; Calcium-activated chloride channels; 
ATP-sensitive potassium channels; Acetylcholine-induced phasic 
contraction; Energy metabolism

Introduction

The gastrointestinal (GI) tract stores and transports ingested 
food to absorb nutrients through the constant contraction and 
relaxation of GI smooth muscles. The motility of the GI tract 
is regulated by both the central nervous system and the enteric 
nervous system [1]. The enteric nervous system comprises 
millions of neurons and interstitial cells of Cajal (ICCs), which 
are distributed along the GI wall [2]. ICC within the GI smooth 
muscle generate spontaneous contractions through pacemaker 
potentials, which produce slow waves [3, 4]. Through these 
spontaneous contractions and regulation by the central and en-
teric nervous systems, the GI tract facilitates peristalsis.

Several mechanisms regulate the spontaneous contrac-
tions of the GI tract. Among them, acetylcholine (ACh) plays 
an essential role as a prominent excitatory neurotransmitter in 
the GI tract, eliciting a typical three-stage contraction response 
[5, 6]. These stages include initial contraction, tonic contrac-
tion, and phasic contraction which overlaps with tonic con-
traction. Initial contraction involves the generation of inositol 
triphosphate within the cell after ACh binds to the cell mem-
brane, which then releases calcium from the sarcoplasmic re-
ticulum (SR). Tonic contraction is likely associated with phos-
phorylation processes, among other complex mechanisms. 
ACh-induced phasic contractions (AiPCs) are known to de-
pend on calcium from external sources, although the specific 
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ion channels responsible for these contractions in humans and 
mice have not been conclusively identified. Previous studies 
have reported that nonselective cation channels (NSCCs) con-
tribute to AiPC in smooth muscles of the guinea pig stomach, 
dog stomach, and rabbit colon [7-9]. Subsequent research has 
suggested that calcium-activated chloride channels (CaCCs), 
found in the digestive tract, might play a role [8, 9].

CaCCs function as anion channels in most tissues, open-
ing to allow chloride ions to exit the cell and increase cellular 
excitability. They are crucial in the development of therapeu-
tic agents for conditions like asthma, hypertension, and pul-
monary arterial hypertension [8-11]. In the GI tract, CaCCs 
critically support the generation of slow waves in Cajal cells 
[8, 9, 12-14]. Sanders et al (2012) demonstrated that niflumic 
acid (NFA) and 4,4′-diisothiocyanatostilbene-2,2′-disulfonic 
acid (DIDS) inhibit CaCC in mouse and human Cajal cells, 
thereby preventing slow wave generation [13]. Previously, 
Hotta et al (2005) found that DIDS showed inhibitory effects 
on slow potential and membrane potential induced by ACh [8]. 
This paper examines the effects of these inhibitors at the tis-
sue level using mouse gastric smooth muscle. In addition, the 
impairment of murine gastric contraction Ano1 knockout was 
also reported [9]. Potassium channels (K+ channels) are instru-
mental in this process. Types of potassium channels in smooth 
muscles include voltage-gated, calcium-dependent, and ATP-
sensitive potassium channels (KATP channels) [14].

KATP channels, initially discovered in the heart and later 
found essential for regulating insulin secretion from pancreatic 
beta cells [15], open in response to decreased ATP levels and 
increased ADP levels within the cell. This triggers potassium 
to exit the cell, diminishing cellular excitability. Drugs such as 
glibenclamide bind directly to the sulfonylurea receptor (SUR) 
structure on KATP channels to inhibit them. In the human pan-
creas, KATP channels comprise Kir6.2 and four SUR1 subunits 
[16]. Binding of sulfonylurea drugs to the SUR1 structure blocks 
KATP channels, promoting insulin secretion as though ATP levels 
were elevated.

In addition to acting on channels, drugs that modulate 
energy metabolism by mitochondria can change intracellular 
ATP levels, potentially influencing AiPC in gastric smooth 
muscle cells. Vasomotion, the rhythmic spontaneous contrac-
tions of vascular smooth muscles, plays a crucial role in regu-
lating tissue oxygen supply and may offer protection in patho-
logical conditions such as hypoxia [17]. Our previous study 
showed that vasomotion in human vascular smooth muscle is 
suppressed by KATP channel openers and reactivated by glib-
enclamide [18-20]. This study explores whether inhibiting en-
ergy metabolism could reduce spontaneous contractions as a 
strategy to control vasomotion.

Materials and Methods

Tissue preparation for isometric contraction

Mouse gastric antral tissues were extracted and utilized for the 
experiments. All animal experiments were conducted following 
ethical approval from the Institutional Animal Care and Use Com-

mittee of Chungbuk National University (CBNUA-1419-20-02; 
CBNUA-1583-21-01; CBNUA-1978-22-02). Human gastric 
smooth muscle and gastroepiploic artery tissues were obtained 
from patients undergoing gastric resection surgery at Chun-
gbuk National University Hospital. Tissues from all patients 
used in the experiments were obtained following approval 
from the Institutional Review Board for clinical trials and rel-
evant information regarding the experimental procedures (CB-
NUH2014-12-012) [14, 18, 19, 21-24].

The extracted mouse gastric tissues and human gastric tis-
sues were rinsed in Krebs-Ringer bicarbonate (KRB) solution 
and pinned with experimental pins onto Sylgard plates to main-
tain their original shape and length. Mucosal, submucosal, and 
serosal tissues were removed in KRB solution, and the circu-
lar smooth muscle layer was dissected. Mouse gastric smooth 
muscles were cut to dimensions of 0.1 cm width × 1 cm length, 
while human gastric smooth muscles were cut to 0.3 cm width 
× 1.5 cm length, and fixed on a vertical isometric chamber (25 
mL). One end of the muscle was fully secured to the fixed end 
of the measurement device, and the other end was hung on a 
ring-shaped loop attached to an isometric force transducer (52-
9545, Harvard Instruments, London, UK) to measure tension 
changes [14, 18, 19, 21-24]. The tension transducer was con-
nected to a PowerLab-Data Acquisition System, Charter v5.5 
& LabChart Pro software (ADinstruments, Dunedin, New Zea-
land), and recorded tensions were measured and recorded on 
an IBM-compatible computer. Data were displayed on a digital 
oscilloscope and a computer monitor, and data were analyzed 
using Origin software and pClamp 2023b [14, 18, 19, 21-24].

Human vascular tissues were similarly divided into seg-
ments of 1 cm in length after removing connective tissue, and 
mounted in a ring shape on a tension recording hook to meas-
ure the onset of phasic contractions. Each tissue was allowed 
to recover for 1.5 - 2.0 h and subsequently subjected to step-
wise electrical stimulation to induce stable tension. High K+ 
(50 mM) solution was repetitively administered two times for 
human vascular tissues and 3 - 4 times for mouse gastric tis-
sues to achieve consistent contraction conditions and measure 
stable tensions [14, 18, 19, 21-24].

Western blots

Tissues were snap-frozen in liquid nitrogen until whole tissue 
samples were collected, then homogenized in a homogeniza-
tion buffer (Merck, Burlington, MA, USA) containing 0.01% 
(v/v) protease inhibitor cocktail. Protein content was measured 
using a Bradford protein assay tube (Bio-Rad Laboratories, 
Hercules, CA, USA) with bovine serum albumin (BSA) as 
the standard. Equivalent amounts of solubilized protein were 
separated by 8% sodium dodecyl-sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) at 100 V for 90 min and trans-
ferred onto polyvinylidene difluoride membranes (Bio-Rad 
Laboratories, Hercules, CA, USA) at 0.25 A for 2 h at 4 °C.

Polyvinylidene fluoride (PVDF) membranes were blocked 
overnight at 4 °C with 5% skim milk in tris-buffered saline 
(TBS) buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl), fol-
lowed by incubation for 1 h at room temperature with anti-
Kir6.1 (invitrogen, CA, USA), anti-Kir6.2 (Millipore, CA, 
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USA), anti-SUR2B antibody (Millipore, CA, USA), anti-SU-
R2A antibody (Millipore, CA, USA), and anti-TMEM16A an-
tibody (abcam, Dallas, TX, USA), diluted in TBS buffer con-
taining 1% skim milk and 0.1% Tween-20. After washing three 
times with TBS buffer containing 0.1% Tween-20, membranes 
were incubated at room temperature for 1 h with horseradish 
peroxidase-conjugated secondary antibody (1:5,000) diluted in 
TBS containing 1% skim milk. The secondary antibody used 
was anti-mouse IgG (FC) secondary antibody (Thermo Fisher 
Scientific, Waltham, MA, USA).

Membranes were then treated with ECL (ELPIS) reagent 
for 1 min and subsequently imaged using a Lass 3000 imager 
(Fujifilm, Minato-ku, Tokyo, Japan) to detect the reaction [14, 
22, 23].

Reagents

We used a KRB solution containing NaCl 122 mM, KCl 4.7 
mM, MgCl2 1 mM, CaCl2 2 mM, NaHCO3 15 mM, KH2PO4 
0.93 mM, and glucose 11 mM (pH 7.3 - 7.4, bubbled with 5% 
CO2/95% O2). For the high K+ (50 mM) solution, equimolar 
Na+ was replaced with potassium. The experimental solution 
was pre-warmed to 36 °C and continuously bubbled with 5% 
CO2/95% O2 prior to replacement. Tension responses to high 
K+ stimulation were recorded for 10 min, and measurements 
were taken at the 10-min mark. BayK 8644 was administered 
12 - 20 min before each experiment to stabilize responses be-
fore recording. The reagent used in the experiment was dis-
solved in dimethyl sulfoxide (DMSO), and an equal amount of 
DMSO was administered to the control group during the ex-
periment. All reagents used in this study were purchased from 
Merck (Burlington, MA, USA) [14, 18, 19, 21-24].

Statistical analysis

The data are expressed as means ± standard deviation of the mean 
(e.g., mean ± SD). Student’s t-test was employed to assess statis-
tical significance. P-values less than 0.05 were regarded as statis-
tically significant as P < 0.05. Experimental number (n) means 
individual independent experiment. Analysis of each contraction 
of gastric muscle and artery was performed as follows: Each con-
tractile response was detected and analyzed when each response 
reached steady state. ACh-induced tri-phasic contraction was 
compared to that from spontaneous basal contraction. In the case 
of pretreatment experiment, the effects of each additive treatment 
were compared to that of steady state of pretreated contraction. In 
the case of vasomotion analysis, the same analysis was applied.

Results

Spontaneous contractions and AiPC in mouse gastric 
smooth muscle

As depicted in Figure 1a, spontaneous contractions in mouse 
gastric smooth muscle displayed tensions of 0.20 ± 0.31 g and 

frequencies of 4.70 ± 1.82 cycles/min (n = 123). The muscle ex-
hibited tonic contractions of 0.45 ± 0.49 g upon application of 
50 mM K+ (n = 145, Fig. 1b). Administration of ACh resulted in 
AiPC. Following the administration of ACh (10 µM), depicted in 
Figure 1c, initial contractions were noted, succeeded by a combi-
nation of tonic and phasic contractions. Each component of AiPC 
was indicated in right panel of c (red color). These initial and 
tonic contractions were 0.50 ± 0.50 g and 0.06 ± 0.07 g, respec-
tively, while phasic contractions were 0.30 ± 0.26 g (n = 24).

Administration of BayK 8644 followed by ACh, KATP chan-
nel blocker, and calcium channel blocker in mouse gastric 
smooth muscle

Smooth muscle contraction is driven by calcium influx, and to 
enhance contractility, we verified the response after pretreatment 
with BayK 8644, a dihydropyridine-sensitive voltage-depend-
ent L-type calcium channel agonist. Following this pretreatment 
and induction of AiPC, significant enhancement in contractility 
was observed with glibenclamide administration. This response 
ceased with nifedipine, a membrane voltage-dependent calcium 
channel blocker (Fig. 2). Although unreported, the potentiation 
of AiPC by glibenclamide was minimal in the absence of BayK 
8644 pretreatment. This implies that KATP channel activity level 
may correlate with intracellular calcium levels.

Effects of KATP channel opener and blocker on AiPC in 
mouse gastric smooth muscle

AiPC was recorded during the administration of drugs target-
ing KATP channels. As illustrated in Figure 3a, AiPC decreased 
with the administration of the KATP channel opener pinacidil 
(5 µM) and was reinstated by the blocker glibenclamide. Sub-
sequent experiments involved pretreatment with BayK 8644. 
Figure 3b shows that AiPC was completely abolished follow-
ing the administration of another KATP channel opener, cro-
makalim (10 µM), and was restored with subsequent gliben-
clamide treatment. The data are summarized in Figure 3c.

Effects of chloride channel blockers on AiPC in mouse 
gastric smooth muscle

Recording of AiPC induced by ACh (10 µM) in mouse gastric 
smooth muscle occurred while examining blockers active on 
CaCC, specifically NFA and DIDS. Figure 4a and c (left pan-
el) reveals that NFA (200, 300, and 500 µM) reduced AiPC to 
28.0±72.6% (n = 7, P > 0.05), 0% (n = 4, P < 0.05), and 0% (n 
= 6, P < 0.05) of the control, respectively. Asterisks show a sta-
tistical significance (P < 0.05). No detailed results were pro-
vided for DIDS, but it similarly reduced AiPC to 67.0±40.4% 
(n = 6, P > 0.05) and 33.0±25.9% (n = 10, P < 0.05) of the 
control at 300 and 500 µM, respectively (data not shown).

In the subsequent step, BayK 8644 (0.4 µM), utilized in 
previous experiments, was pretreated before administering 
NFA. As depicted in Figure 4b and c (right panel), NFA (200, 
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300, and 500 µM) inhibited AiPC to 22.0±46.3% (n = 9, P > 
0.05), 10.0±22.2% (n = 5, P < 0.05), and 8.0±12.8% (n = 7, P 
< 0.05) of the control, respectively.

Effects of inhibition of energy metabolism on AiPC in 
mouse gastric smooth muscle

AiPC induction in mouse gastric smooth muscle is regulated 

by KATP channels, implying that it may be indirectly regulated 
by inhibiting energy metabolism. To test this hypothesis, we 
designed experiments where AiPC inhibition by energy metab-
olism inhibitors was reversed by KATP channel blockers such 
as glibenclamide. Energy metabolism was inhibited by admin-
istering sodium cyanide (NaCN) and replacing extracellular 
glucose with impermeable dextro-mannitol (D-mannitol). Fig-
ure 5a (left panel) displays AiPC induction by ACh administra-
tion, demonstrating that NaCN (0.5 and 1 mM) reduced AiPC 

Figure 1. Spontaneous contractions of mouse gastric smooth muscle and acetylcholine-induced periodic contractions. (a) Spon-
taneous contraction of mouse gastric smooth muscle is demonstrated with an observed force of 0.2 g and a frequency of 4.7 
cycles/min (n = 123). The component of basal contraction is indicated as expanded trace. In (b), gastric smooth muscle exhibited 
a tonic contraction (0.45 g) induced by 50 mM K+ (n = 145). The administration of ACh resulted in AiPC. Immediately follow-
ing ACh administration (10 µM), as shown in (c), initial contractions were noted, accompanied by overlapping tonic and phasic 
contractions. The initial and tonic contractions measured 0.50 and 0.06 g, respectively, while phasic contractions were 0.30 g 
(n = 24). The components of initial, tonic, and phasic contractions are indicated in left panel of (c). ACh: acetylcholine; AiPC: 
acetylcholine-induced phasic contractions.
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to 69.0±55.4% (n = 7, P > 0.05) and 44.0±30.7% (n = 5, P < 
0.05) of the control, respectively, and these inhibitions were 
reversed by glibenclamide (30 and 50 µM) to 132.0±27.9% 
(n = 5, P < 0.05) and 278.0% (n = 3), respectively. These data 
were summarized in Figure 5a (right panel). The experiments 
continued post-pretreatment with BayK 8644 (0.4 µM). Figure 
5b reveals that NaCN (1, 3, and 5 mM) suppressed AiPC to 
58±31% (n = 6, P > 0.05), 30±44.3% (n = 8, P < 0.05), and 
13±15.3% (n = 3, P < 0.05) of the control, respectively. AiPC 
inhibition by D-mannitol is shown in Figure 5c, reducing AiPC 
to 14.0±17.2% of the control (n = 10, P < 0.05), and this inhi-
bition was offset by glibenclamide to 71.0±55.3% (n = 6, P < 
0.05). Data are summarized in Figure 5d.

Inhibition of energy metabolism in human gastric smooth 
muscle and human gastroepiploic artery

The aforementioned studies were expanded to examine AiPC 
in human gastric smooth muscle and spontaneous contractions 
(vasomotion) in human vascular smooth muscle. In Figure 6a, 
using human gastric smooth muscle post-pretreatment with 
BayK 8644 (0.4 µM), AiPC was measured, and NaCN (1 mM) 
was administered, reducing AiPC to 27.0±20.7% of the con-
trol, which was then elevated to 141.0±58.4% with the admin-
istration of glibenclamide (n = 6, P < 0.05; c (left panel)). Even 
though data not shown in here, AiPC in human gastric smooth 
muscle was also inhibited by application of NFA (200 - 500 
µM). In human gastroepiploic artery smooth muscle as shown 
in Figure 6b, vasomotion (spontaneous contractions) were re-
corded and inhibited by NaCN (1 mM) to 4.0±10.5%, later 
restored to 94.0±38.4% by glibenclamide (n = 5, P < 0.05; c 
(right panel)). Both sets of data are summarized in Figure 6c.

Western blot analysis of mouse gastric smooth muscle and 
human vascular smooth muscle

Through the aforementioned studies, we explored the regula-
tory potential of KATP channels in mouse gastric smooth mus-

cle and in human gastric and vascular smooth muscles via 
EM inhibition. As a conclusive step, Western blot analysis 
was performed to identify the target proteins of KATP channels 
and CaCC, central to our experiments, in both mouse gastric 
smooth muscle and human vascular smooth muscle.

In Figure 7a, mouse gastric smooth muscle disclosed 
the structural proteins of KATP channels as Kir6.2 and SUR2, 
whereas Kir6.1 was not detected. Similarly, in human vascular 
smooth muscle, the components of KATP channels were iden-
tified as Kir6.2, Kir6.1, and SUR2 in human gastric vessels. 
TMEM16A (ANO1), the structural protein of CaCC, was ob-
served in both mouse gastric smooth muscle and human vascu-
lar smooth muscle tissues.

Discussion

This study confirmed the presence and/or function of CaCC in 
smooth muscles of mouse and human stomachs. At the tissue 
level, inhibiting energy metabolism suppressed AiPC in mouse 
and human gastric smooth muscles through KATP channel. Vas-
omotion of human gastroepiploic artery smooth muscle was 
also inhibited under these conditions.

Since the fundus of stomach functions to store food 
through its relaxation, its primary motor function is relaxation. 
Conversely, as the phasic contractions of the stomach increase 
from the upper body to the pylorus, the function of crushing in-
gested food is known to become more pronounced. As with the 
above functions of stomach, the motor patterns and/or func-
tions of the stomach have been reported to show regional dif-
ferences. In human samples, isometric force in response to the 
exogenous application of ACh displayed regional differences. 
In the gastric antrum, ACh showed three phasic contractions 
such as the initial peak contraction, contractile frequency, and 
amplitude of contraction after ACh exposure [25]. In the cor-
pus and fundus, however, ACh produced initial peak contrac-
tion and tonic contraction. Among the contraction responses 
in the gastric system, one of the most significant is contrac-
tion induced by ACh released at nerve terminals. Strong, con-
tinuous phasic contractions throughout the stages of digestion 

Figure 2. The role of Ca2+ and ATP-sensitive potassium channels in AiPC of mouse gastric smooth muscle. The effects of glib-
enclamide on AiPC in the presence of BayK 8644 and ACh were examined. AiPC was induced by ACh in the presence of BayK 
8644 and significantly amplified following the application of glibenclamide (50 - 80 µM). ACh: acetylcholine; AiPC: acetylcholine-
induced phasic contractions.
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continually consume energy; consequently, metabolic changes 
are expected to influence and regulate gastric motility. When 
ACh binds to muscarinic receptors on the cell membrane of 
smooth muscle of the GI tract, an intracellular signaling cas-
cade is induced [26, 27]. It results in the breakdown of intracel-
lular G proteins and the production of inositol phosphate (IP3) 
and diacylglycerol (DAG). IP3 then releases Ca2+ from the SR 
while DAG activates protein kinase C [26, 28]. These cellular 
responses to ACh are evident in three stages of tissue reac-

tion: initial contraction, followed by tonic contraction, which 
overlaps with phasic contraction (Fig. 2) [28]. Initially, ACh’s 
binding to the cell membrane and subsequent generation of IP3 
prompts the release of Ca2+ from the intracellular SR. Phasic 
contraction depends on continuous extracellular Ca2+ influx, 
while tonic contraction likely involves phosphorylation steps 
[14].

In smooth muscle, the utilized energy comes from the hy-
drolysis of ATP, specifically from the energy released when 

Figure 3. Effects of ATP-sensitive potassium channel opener and blocker in mouse gastric smooth muscle. (a) It demonstrates 
the inhibition of AiPC by pinacidil (5 µM) and its restoration by glibenclamide in mouse gastric smooth muscle. (b) Cromakalim 
also inhibited AiPC in the presence of BayK 8644 in a glibenclamide-sensitive manner. Data were summarized in (c) (n = 5). 
Asterisks show a statistical significance (*P < 0.05). ACh: acetylcholine; AiPC: acetylcholine-induced phasic contractions.
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the terminal phosphate group of ATP is cleaved. Within cells, 
ATP is hydrolyzed to ADP, and the ADP/ATP ratio continu-
ously fluctuates. In the context of cellular energy metabolism, 
targets that detect these changes and elicit responses include 
KATP channels, whose opening and closing are regulated by 
the intracellular ADP/ATP ratio. When intracellular ATP lev-
els are low, these channels open, allowing potassium ions to 
exit the cell, thereby reducing excitability. Conversely, under 

conditions of high ATP, these channels close, thereby increas-
ing the cell’s excitability [29-31]. As illustrated in Figure 3a 
and b, pinacidil and cromakalim inhibited AiPC in a glib-
enclamide-sensitive manner. Notably, AiPC in the presence 
of BayK 8644 was substantially enhanced by glibenclamide 
application (Fig. 2). This suggests that KATP channel activa-
tion may also be linked to other intracellular factors such as 
calcium channel and/or intracellular concentration. Currently, 

Figure 4. Administration of chloride channel blocker in mouse gastric smooth muscle. (a) and (c, left panel) It reveals that NFA 
(200, 300, and 500 µM) reduced acetylcholine-induced phasic contractions to 28.0±72.6% (n = 7, P > 0.05), 0% (n = 4, P < 0.05), 
and 0% (n = 6, P < 0.05) of the control, respectively. Asterisks show a statistical significance (*P < 0.05). In the subsequent step, 
BayK 8644 (0.4 µM), utilized in previous experiments, was pretreated before administering NFA. As depicted in (b) and (c, right 
panel), NFA (200, 300, and 500 µM) inhibited AiPC to 22.0±46.3% (n = 9, P > 0.05), 10.0±22.2% (n = 5, P < 0.05), and 8.0±12.8% 
(n = 7, P < 0.05) of the control, respectively. The data are summarized in Figure 3c. ACh: acetylcholine; AiPC: acetylcholine-
induced phasic contractions; NFA: niflumic acid.
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Figure 5. Inhibition of energy metabolism in mouse gastric smooth muscle. (a) NaCN administration inhibited AiPC, which were 
restored by glibenclamide. NaCN (0.5 mM and 1 mM) reduced AiPC to 69.0±55.4% (n = 7, P > 0.05) and 44.0±30.7% (n = 5, P < 
0.05) of the control, respectively, and these inhibitions were reversed by glibenclamide (30 and 50 µM) to 132.0±27.9% (n = 5, P < 
0.05) and 278.0% (n = 3), respectively. These data were summarized in (a) (right panel). Asterisks show a statistical significance 
(*P < 0.05). In (b) and (c), AiPC in the presence of BayK 8644 was studied. (b) It reveals that NaCN (1, 3, and 5 mM) suppressed 
AiPC to 58±31% (n = 6, P > 0.05), 30±44.3% (n = 8, P < 0.05), and 13±15.3% (n = 3, P < 0.05) of the control, respectively. In (c), 
AiPC inhibition by D-mannitol is shown. AiPC was reduced to 14.0±17.2% of the control (n = 10, P < 0.05), and this inhibition was 
offset by glibenclamide to 71.0±55.3% (n = 6, P < 0.05). Data were summarized in (d). Asterisks show a statistical significance 
(*P < 0.05). ACh: acetylcholine; AiPC: acetylcholine-induced phasic contractions; NaCN: sodium cyanide.
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Figure 6. Inhibition of energy metabolism in human gastric smooth muscle and human arterial smooth muscle. (a) In human 
gastric smooth muscle, following BayK 8644 pretreatment, NaCN inhibited AiPC, which were restored by glibenclamide. NaCN (1 
mM) reduced human AiPC in the presence of BayK 8644 to 27.0±20.7% of the control, which was then elevated to 141.0±58.4% 
with the administration of glibenclamide (n = 6, P < 0.05; c (left panel)). (b) Vasomotion was observed in human arterial smooth 
muscle and was inhibited by sodium cyanide and restored by glibenclamide. NaCN (1 mM) reduced vasomotion (spontaneous 
contractions) to 4.0±10.5% of the control, which was restored to 94.0±38.4% by glibenclamide (n = 5, P < 0.05; c (right panel)). 
All data were summarized in (c). Asterisks show a statistical significance (*P < 0.05). ACh: acetylcholine; AiPC: acetylcholine-
induced phasic contractions; NaCN: sodium cyanide.
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the precise mechanisms remain unclear, but further investiga-
tions are planned.

In the smooth muscle of the GI tract, phasic contractions 
induced and sustained by ACh during digestion could cause cel-
lular energy levels to fluctuate. To explore this, Figure 2 shows 
that the administration of glibenclamide, a KATP channel block-
er, during AiPC resulted in sustained contractions. These find-
ings imply that energy metabolism and the activation of KATP 
channels might play an important role in maintaining sustained 
AiPC. Specifically, as depicted in Figure 3, consistent responses 
were observed when AiPC was exposed to both activators and 
blockers of KATP channels, such as pinacidil and glibenclamide, 
respectively. This highlights the potential functional role of KATP 
channels in this process. Figure 3a confirms the influence of 
KATP channels on contraction responses to ACh in mouse gas-
tric tissue following the administration of pinacidil. Figure 3b 
and c indicates similar responses under conditions of enhanced 
contraction with prior treatment of BayK 8644 (0.4 µM) to ac-
tivate intracellular Ca2+ influx, subsequently confirmed with 
cromakalim. These findings collectively point to the presence 
of metabolically regulated KATP channels that play a functional 
role during strong contractions induced by Ca2+ influx and ACh 
in mouse gastric smooth muscle.

Based on the results presented in Figure 5a, b, and d (right 
panel), studies on AiPC and BayK 8644-pretreated AiPC in 
mouse stomachs were performed, observing their responses 
to metabolic inhibitors. NaCN, a known metabolic inhibitor, 
inhibited both AiPC and BayK 8644-pretreated AiPC. This 

inhibition was reversed by glibenclamide. These responses 
suggest that activation of KATP channels, which occurs when 
intracellular energy is suppressed and ATP production is in-
hibited, reduces tissue excitability and thereby inhibits con-
traction. Specifically, as illustrated in Figures 5d and 6c (right 
panel), when extracellular glucose was completely replaced 
with impermeable D-mannitol, BayK 8644-pretreated AiPCs 
were inhibited, and recovery occurred with the administration 
of glibenclamide (data not shown). Overall, these results col-
lectively indicate that phasic contractions induced by ACh in 
mouse stomachs may be regulated in association with meta-
bolic changes. This association was established under condi-
tions of metabolic inhibition, demonstrating consistent rel-
evance even under altered metabolic states.

The next step involved verifying whether similar respons-
es observed in mouse stomachs could also be induced in hu-
man gastric smooth muscle. Figure 6a depicts the effects of 
administering ACh to human gastric smooth muscle tissue, 
both with and without pretreatment with BayK 8644. When 
ACh (10 µM) was administered, it induced initial contraction 
followed by tonic contraction and overlapped phasic contrac-
tion too [14]. The administration of the metabolic inhibitor 
NaCN inhibited AiPC, but it was reversed by glibenclamide 
(Fig. 6a). Although not shown in the results, similar responses 
in human gastric smooth muscle involved the disappearance 
or suppression of AiPC contraction frequency by mannitol, 
which was restored upon glibenclamide administration (n = 
4). Figure 6b documents vasomotion (spontaneous contrac-

Figure 7. Western blot analysis of mouse gastric smooth muscle and human arterial smooth muscle. (a) In mouse gastric smooth 
muscle, the component proteins of KATP channels, SUR2B, and Kir6.2, were identified, along with TMEM16A, the component 
protein of calcium-activated chloride channels. (b) In human arterial smooth muscle, the component proteins of KATP channels, 
SUR2B, Kir6.1, and Kir6.2, were identified, as well as TMEM16A, the component protein of calcium-activated chloride channels. 
KATP channels: ATP-sensitive potassium channels.
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tion) in human gastric vessels, which responded to NaCN ad-
ministration. Vasomotion is linked to the rhythmic changes 
in lumen diameter of blood vessels. It was first described in 
1852 by bat circulation and can give rise to flow into each 
organ [32, 33]. Vasomotion has been noted as a common phe-
nomenon in several vessels including arteries of diverse or-
gans [33]. In our previous study, vasomotion of human gastric 
artery is sensitive to TMEM16A CaCC [18]. As the wall of GI 
tract moves, its blood vessels are simultaneously stimulated 
by compression and rarefaction (and/or relaxation). During 
this process, the blood vessels of the digestive tract are ex-
pected to undergo a series of processes to maintain a constant 
blood flow by appropriately responding to the movement of 
gastric smooth muscle. From this interlinked perspective, we 
aimed to study the role of energy metabolism and chloride ion 
channels in the recently reported regulation of gastric vaso-
motion, along with changes in GI smooth muscle motility. 
In this study, vasomotion in these vessels was inhibited by 
NaCN and restored by glibenclamide. However, vasomotion 
in human gastric vessels was not restored by glibenclamide 
after D-mannitol administration (data not shown). These find-
ings suggest that various metabolic regulations may play a 
role in modulating phasic contractions in both mouse and hu-
man gastric smooth muscle, as well as in spontaneous vaso-
motion in human gastric vessels.

In the final stages, research focused on the mechanisms 
driving phasic contractions in mouse gastric smooth muscle 
induced by ACh. Figure 4 confirms the potential regulation of 
AiPC and BayK 8644-pretreated AiPC by chloride ion chan-
nels. Specific to this study, administering NFA, a recognized 
blocker of chloride ion channels, at concentrations of 200, 300, 
and 500 µM resulted in inhibiting AiPC by 28%, 0%, and 0%, 
respectively. Although not displayed in the results, another 
chloride ion channel blocker, disodium salt (DIDS, at concen-
trations of 300 and 500 µM), also inhibited AiPC by 67% and 
33%, respectively. These findings led to the conclusion that 
AiPC in mouse stomachs might be linked with the activation 
of chloride ion channels. Historically, ACh was known to acti-
vate nonselective cation channels in guinea pig gastric smooth 
muscle, but recent studies have highlighted the significant role 
of chloride ion channels in mouse ICC and smooth muscle [8, 
9, 26]. Notably, NFA utilized in this investigation to differenti-
ate chloride ion channels involved in phasic contractions in 
GI smooth muscle is reported to inhibit not only chloride ion 
channels based on concentration but also calcium-dependent 
potassium channels (KCa channels) [17]. Additionally, DIDS 
has been noted to block TMEM16A chloride ion channels in 
specific ion channel experiments, effective at a blocking con-
centration as low as 10 µM, with a half maximal inhibitory 
concentration (IC50) of approximately 30 µM, with maximum 
inhibition observed at around 100 µM [17]. In this study, the 
concentrations of NFA and DIDS implemented to suppress 
phasic contractions in gastric smooth muscle exceeded 100 
µM, signifying that these levels may act efficiently at tissue 
levels compared to concentrations applied directly to single 
ion channels in cells. Furthermore, instances were noted where 
lower concentrations actually enhanced phasic contractions, 
suggesting the participation of other ion channels inhibited by 
NFA or DIDS.

To further validate the previous findings and explore the 
presence of these ion channels at the molecular level, West-
ern blotting experiments were conducted. These experiments 
aimed to confirm the presence of molecular components of 
KATP channels, including Kir6.1, Kir6.2, and TMEM16A 
(ANO1), a representative chloride ion channel recently identi-
fied in the GI tract, in mouse gastric smooth muscle and hu-
man gastric vessel smooth muscle. As illustrated in Figure 7a, 
in mouse gastric smooth muscle, molecular components such 
as Kir6.2 and SUR2 of KATP channels were detected, whereas 
Kir6.1 was absent (Supplementary Material 1, gr.elmerpub.
com). In contrast, in human gastric vessel smooth muscle, 
molecular components of KATP channels, including Kir6.2, 
Kir6.1, and SUR2, were identified [14]. Finally, the expres-
sion of TMEM16A (ANO1) in human gastric muscle was also 
observed in Supplementary Material 2B (gr.elmerpub.com).

These experiments confirmed that KATP channels are pre-
sent in both mouse and human gastric smooth muscle. They 
suggested that activation of KATP channels under conditions of 
impaired cellular energy metabolism or reduced energy avail-
ability could induce smooth muscle relaxation. KATP channels 
are found not only in the GI tract but also in the pancreas, 
heart, and brain [34]. Given their described characteristics, 
KATP channels can be activated and open under pathological 
conditions such as hypoxia and ischemia, thus reducing cellu-
lar excitability and potentially safeguarding cells from further 
damage [35]. Animal studies have indicated that the knockout 
of Kir6.2, a component of brain KATP channels, exacerbates 
the severity of ischemic infarction, whereas overexpression 
mitigates neuronal injury caused by ischemia [36]. Therefore, 
additional research is warranted to determine whether KATP 
channels could be harnessed to decrease cellular damage in 
hypoxic or ischemic conditions.

From above results, we suggested role of metabolism and 
TMEM16A (ANO1) in the regulation of gastric motility in 
mouse and human stomach.

Supplementary Material

Suppl 1. Molecular data of murine gastric smooth muscle, 
compatible to Figure 7.
Suppl 2. Molecular data of human gastric artery (A) and hu-
man gastric muscle (B) showing TEME ANO1 expression re-
spectively.
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