
INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder (non-com-
municable disease) characterized by increased serum blood 
glucose level for a prolonged period due to defective insulin 
secretion. Many diseases, for example cardiovascular dis-
ease, diabetic neuropathy, urinary bladder dysfunction, and 
kidney disease, are associated with DM (Weissman, 2006; 
Van Den Eeden et al., 2009; Tuttle et al., 2014; Amaral and 
Okonko, 2015; Pecoits-Filho et al., 2016). Approximately 76% 
of patients with DM suffer from gastrointestinal (GI) disorders, 
such as constipation, diarrhea, abdominal pain, or fecal incon-
tinence, due to the uncontrolled glycemic condition (Feldman 
and Schiller, 1983; Bytzer et al., 2001). The pathogenesis of 
GI dysfunction associated with DM appears to be multifacto-
rial and complex but remains unclear. 

Neurotransmitters bind to a specific G-protein coupled re-
ceptor, which stimulates phospholipase C (PLC) activity and 
causes the catalysis of lipid phosphatidylinositol 4, 5-bisphos-

phate (PIP2). The catalysis of PIP2 leads to the production of 
inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 binds 
to the IP3 receptor (IP3R) and causes the release of calcium 
from the sarcoplasmic reticulum into the cytosol. Intracellular 
calcium binds to calmodulin and activates myosin light chain 
kinase (MLCK) (Khromov et al., 2006). The phosphoryla-
tion of the 20 kDa myosin regulatory light chain (MLC20) by 
MLCK at a serine residue at position 19 is enough to cause 
smooth muscle contraction (Kamm and Stull, 2001; Somlyo 
and Somlyo, 2003). The function of myosin light chain phos-
phatase (MLCP) is opposite to that of MLCK; MLCP removes 
the phosphate from serine 19 on MLC20 (Hartshorne et al., 
2004). It has been shown that MLC20 phosphorylation can be 
regulated, either directly or through the regulation of MLCP 
activity and associated proteins, by several kinases. In addi-
tion, receptors such as the α1-adrenergic and adenosine A1 
receptors are involved in the modulation of neurotransmission 
processes in the gastrointestinal tract (Ruwart et al., 1979; Pa-
ton, 1981; Broad et al., 1992; Christofi and Wood, 1993). The 
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Diabetes mellitus affects the colonic motility developing gastrointestinal symptoms, such as constipation. The aim of the study was 
to examine the role of intracellular signaling pathways contributing to colonic dysmotility in diabetes mellitus. To generate diabe-
tes mellitus, the rats were injected by a single high dose of streptozotocin (65 mg/kg) intraperitoneally. The proximal colons from 
both normal and diabetic rats were contracted by applying an electrical field stimulation with pulse voltage of 40 V in amplitude 
and pulse duration of 1 ms at frequencies of 1, 2, 4, and 6 Hz. The muscle strips from both normal rats and rats with diabetes 
mellitus were pretreated with different antagonists and inhibitors. Rats with diabetes mellitus had lower motility than the control 
group. There were significant differences in the percentage of inhibition of contraction between normal rats and rats with diabetes 
mellitus after the incubation of tetrodotoxin (neuronal blocker), atropine (muscarinic receptor antagonist), prazosin (α1 adrenergic 
receptor antagonist), DPCPX (adenosine A1 receptor antagonist), verapamil (L-type Ca2+ channel blocker), U73122 (PLC inhibi-
tor), ML-9 (MLCK inhibitor), udenafil (PDE5 inhibitor), and methylene blue (guanylate cyclase inhibitor). The protein expression of 
p-MLC and PDE5 were decreased in the diabetic group compared to the normal group. These results showed that the reduced 
colonic contractility resulted from the impaired neuronal conduction and decreased muscarinic receptor sensitivity, which resulted 
in decreased phosphorylation of MLC via MLCK, and cGMP activity through PDE5.
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colon response to the electrical field stimulation (EFS) is char-
acterized by simultaneous stimulation of all neurons within 
myenteric plexus, including excitatory and inhibitory elements 
sympathetic and parasympathetic nerves, cholinergic, and 
non-adrenergic and non-cholinergic (NANC) neurotransmit-
ters like adenosine triphosphate (Kilbinger et al., 1982). Nitric 
oxide (NO) released from endothelium activates soluble gua-
nylate cyclase (sGC), producing cyclic guanosine monophos-
phate (cGMP). cGMP plays a crucial role in smooth muscle re-
laxation and is important for the optimal function of phasic and 
tonic contractions. The intracellular cGMP levels are regulated 
by GC and its hydrolysis through phosphodiesterase 5 (PDE5) 
(Beavo, 1995; Murthy, 2001; Rybalkin et al., 2003; Conti and 
Beavo, 2007; Francis et al., 2011).

Streptozotocin (STZ) has been used to destroy pancreatic 
β-cells, resulting in DM in experimental animals. Alterations in 
colon motility and small intestine smooth muscle were found 
in rats with STZ-induced DM (Nowak et al., 1990; Forrest et 
al., 2008). The decrease in the colonic contractility has various 
causes. Cholinergic receptor sensitivities and neuronal nitric 
oxide synthase activity in the colon of diabetic rats appear to 
be weakened (Kim et al., 2011). 

The purpose of the present study was to investigate the 
impairment of colonic motility in DM rats and to understand 
the underlying mechanism with respect to G-protein coupled 
receptor (GPCR), the PLC-dependent signaling pathway, and 
the cGMP signaling pathway, which may affect the changes in 
colonic contractility.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley (SD) rats weighing 210-240 g were 

purchased from Samtako Bio (Osan, Korea). The animals 
were housed individually in cages with wire-net floors in a 
room with controlled temperature (24-25°C), humidity (70-
75%) and light cycle (12 h light/12 h dark). Rats were fed a 
normal laboratory diet (Samtako Bio) and were fasted for over 
14 h prior to experiments. However, the rats were allowed free 
access to tap water throughout. The experiments were per-
formed in accordance with guidelines and approved by the 
Institutional Animal Care Use Committee of Chung-Ang Uni-
versity (IACUC 2019-00010).

Solutions and drugs
Tissues were maintained in Krebs buffer [NaCl, 116.6 mM; 

NaHCO3, 21.9 mM; NaH2PO4, 1.2 mM; KCl, 3.4 mM; CaCl2, 

2.5 mM; glucose, 5.4 mM; and MgCl2, 1.2 mM]. ML-9, chel-
erythrine chloride, leupeptin, and streptozotocin (STZ) were 
purchased from Tocris Cookson Ltd (Bristol, UK). Atropine 
sulfate was obtained from Merck (Whitehouse Station, NL, 
USA). β-Actin was obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). p-MLC, MLC and PDE5 were obtained 
from Cell Signaling Technology (Danvers, MA, USA). Tetro-
dotoxin, U73122, NaHS, verapamil hydrochloride, atropine 
sulfate, SB212090, PD98059, 4-aminopyridine (4-AP), tetra-
ethylammonium chloride (TEA), prazosin hydrochloride, DP-
CPX, methylene blue, and other reagents were obtained from 
Sigma (St. Louis, MO, USA).

Induction of diabetes mellitus
A rat model of DM in adulthood was produced as previously 

described (Wu and Huan, 2008). Specifically, experimental 
diabetes was induced in rats fasted overnight by a single dose 
of 65 mg/kg STZ. STZ was dissolved in 50 mM citrate buffer, 
pH 4.5, and administered intraperitoneally to rats; these rats 
were considered the DM rats. The control group received an 
intraperitoneal injection of equal volume of citrate buffer. Dia-
betes was confirmed by an increase in the non-fasting serum 
glucose levels of 300 mg/dL or above, which was checked 2 
days after the administration of STZ by using a Care Sens 
II glucose meter from i-SENS (Seoul, Korea). To counteract 
initial hypoglycemia due to the insulin release from destroyed 
beta cells, 10% sucrose water was supplied for the first 24 h 
after the injection of STZ. The body weight was monitored in 
normal and DM rats on days 1, 3, and 7 of the experiment. 
Daily food consumption was calculated from the measurement 
of the mass of food from day 1 of the experiment to the day 
7 of the experiment. The daily water intake was calculated by 
measuring the volume of liquid remaining on the same days 
as the food consumption was measured. All measurements 
were performed at the same time.

Tissue preparation
One week after the administration of STZ, the rats were 

euthanized by CO2 asphyxiation. The proximal colon (approxi-
mately 1 cm from the cecum) was collected and immediately 
placed in oxygenated (95% O2 and 5% CO2) Krebs solution. 
Transversely oriented muscle strips were taken from the proxi-
mal colon and then cut into 2 smaller strips (2 mm wide by 7 
mm long). These strips were tied with silk ligatures at both 
ends. The muscle strips were mounted vertically between 
platinum electrodes in separate 1 mL muscle chambers. One 
edge was fixed to the bottom of the muscle chamber and the 
other one was attached to a force transducer (FT03, Grass In-

Table 1. The blood glucose level and body weight of normal and STZ-induced diabetic rats

Category Rats Day 1 Day 3 Day 7

Blood glucose level (mg/dL) Normal rats 137 ± 4 149 ± 8 145 ± 6
DM rats 143 ± 5 440 ± 28*** 453 ± 21***

Body weight (g) Normal rats 241± 6 258 ± 6 293 ± 7
DM rats 239 ± 5 229 ± 5 245 ± 5**

The rats were fasted overnight and induced diabetes mellitus by a single dose of streptozotocin (65 mg/kg, i.p). The blood glucose level and 
the body weight were observed on Day 1, 3, 7. Blood glucose level greater than 300 mg/dL was considered as diabetes mellitus. **p<0.01, 
***p<0.001 vs. normal rats by Student t-test, n=13.
Data are expressed as mean ± SEM.
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struments Co., Quincy, MA, USA). Changes in isometric force 
were recorded by using a polygraph (Model 79; Grass Instru-
ments Co.).

They were initially stretched to 1 g to bring them to near 
conditions of optimal force development and were equilibrated 
for 90 min with continuous perfusion with oxygenated Krebs 
buffer. At that moment, the tension in the muscle strips de-
creased rapidly and stabilized at less than 0.5 g. The solution 
was equilibrated with a gas mixture containing 95% O2 and 5% 
CO2 at pH 7.45 and 37°C.

Induction of EFS
The strips were stimulated with pulse trains of 40 V in ampli-

tude and 10 s in train duration, with pulse duration of 1 ms at 
frequencies of 1, 2, 4, and 6 Hz by using a stimulator (model 
S 88; Grass Instruments Co.). After a stable resting tone of 
was obtained in the muscle strips, the frequency-response re-
lationship (1, 2, 4, and 6 Hz) was constructed and the strips 
were washed five to six times. Subsequently, they were al-
lowed to equilibrate for 30 min after EFS to recover completely 
from the stimulated responses to EFS.

Assessment of drug responses
The responses to EFS on the resting tension of circular 

smooth muscle were investigated. To determine whether neu-
ronal origin and cholinergic neurotransmission had different 
effects on the normal and diabetic muscle strips in response 
to EFS, the strips were pre-treated with tetrodotoxin (TTX, 10–6 
M) and atropine sulfate (10–6 M) for 30 min. In addition, to con-
firm that Ca2+ influx plays a crucial role in the contraction, the 
strips were exposed to verapamil (10–6 M), an L-type calcium 
channel blocker, for 15 min. Moreover, the strips were pre-
treated with prazosin (10–6 M) and DPCPX (10–6 M), respec-
tively, for 30 min to measure the effects of the α1-adrenergic 
and adenosine A1 receptors. Furthermore, 4-AP (10–4 M) and 
TEA (10–3 M) were applied to the strips 5 min before EFS to 
investigate K+ efflux, and U73122 (10–6 M) was applied to the 
strips to determine the PKC activity in diabetic smooth muscle 
contraction. In addition, the strips were pre-incubated with 
SB202190 (10–5 M) and PD98059 (10–5 M), respectively, for 
15 min to investigate the action of MEK and p38 MAPK en-
zymes. To determine MLCK activity, ML-9 hydrochloride (10–5 
M) was added 10 min before EFS was applied to the strips, 
which were exposed to a PKC inhibitor, chelerythrine chloride 
(10–5 M), and incubated for 20 min. 

To determine the smooth muscle relaxation activities in dia-
betic conditions, the strips were exposed to udenafil (10–6 M) 
and methylene blue (10–4 M) for 15 min. Between each part 
of the experiments, the muscle strips were washed in Krebs 
buffer five to six times and kept at equilibrium for 35 min. All 
drugs were placed in the organ bath in volumes not exceeding 
100 μL (10% of the organ bath volume). The same volume of 
the Krebs buffer without inhibitor or antagonist was used as 
control.

Protein sample preparation and western blotting
To measure the phosphorylated form of MLC (p-MLC) and 

PDE5 protein expression, the protein sample was prepared 
as previously described (Ha et al., 2017). Briefly, the colon 
tissues were homogenized in ice-cold lysis buffer containing 
20 mM Tris-HCl (pH 7.4), 0.5 mM EDTA, 0.5 mM EGTA, 1% 
(w/v) Triton X-100, 0.01% (w/v) SDS, 10 μg/mL leupeptin, 10 

μg/mL aprotinin, 1 mM PMSF, 10 μL/mL phosphatase inhibi-
tor cocktail-3, and 0.7 g/mL β-mercaptoethanol. The lysates 
were sonicated (30 s 8 times, 8 cycles, power 20%) and cen-
trifuged at 12,000 rpm for 30 min at 4°C to yield the whole tis-
sue extract. The protein concentration of the supernatant was 
determined by using Bradford reagent in accordance with the 
manufacturer’s instructions (Bio-Rad Chemical Division, Rich-
mond, CA, USA). The absorbance at 595 nm was measured 
spectrophotometrically.

Immunoblotting analysis of p-MLC, MLC, PDE5 and β-actin 
were determined. The supernatants were electrophoresed on 
an SDS-PAGE and transferred to nitrocellulose membranes 
for subsequent western blotting. Following incubation with the 
primary antibodies (1:1,000) overnight at 4°C, the membrane 
was incubated with horseradish peroxidase-conjugated sec-
ondary antibody (1:5,000) for 1 h at room temperature. The 
immunoreactive bands were detected by Quantity One analy-
sis software (Bio-Rad Chemical Division), with β-actin used as 
the loading control.

Data analysis 
The contraction responses (amplitudes) were expressed 

as actual tone changes (diabetic versus normal group). The 
data were provided explicitly as the mean ± SEM. Statistical 
differences among the groups were analyzed by using two-
tailed Student’s t-test and two-way repeated measures ANO-
VA (analysis of variances) test. A p-value less than 0.05 was 
onsidered to be statistically significant.

RESULTS

DM rats have lower body weight and greater water and 
food intake

The non-fasting blood glucose levels of normal and DM rats 
are shown in Table 1. After 2 days of injection, the rats rapidly 
developed diabetes and maintained the diabetic state up to 7 
days, with a blood glucose level greater than 300 mg/dL (145 
± 25 mg/dL vs. 453 ± 22 mg/dL, p<0.001). The body weight 
in DM rats was significantly lower than in normal rats (293 ± 
7 g vs. 245 ± 5 g) (Table 1). Daily food and water consump-
tion are presented in (Fig. 1). The daily food consumption in 
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Fig. 1. Daily food and water intake in normal and STZ-induced 
diabetic rats. The average food and water intakes were calculated 
from the measurement of the intake on each day at the same time. 
The data are expressed as the mean ± SEM (n=13). ###p<0.001 
compared with normal rats by two-way ANOVA test.
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normal and DM rats was not significantly different throughout 
the whole experiment. Regarding the liquid intake, the diabetic 
rats consumed significantly more water than the normal rats 
(p<0.001). 

Contractile force of the colon was reduced in DM rats
In the present study, the colonic tissues from normal and 

DM rats showed spontaneous contractility. However, the am-
plitudes produced by EFS were significantly lower in tissues 
from the DM rats (Fig. 2A vs. Fig. 2B) (p<0.001). The average 
contractility in the colon smooth muscle is presented in Fig. 
2C. Contractility of the colon was expressed as tone changes 
(∆g). The contraction response was obtained by the induction 
of EFS (1, 2, 4, and 6 Hz). The average contractility of EFS-
induced contraction was analyzed by using a two-way ANOVA 
test to compare the two curves. 

Impaired neuronal conduction and sensitivities of 
muscarinic, α1-adrenergic and adenosine A1 receptors in 
muscle tissue from DM rats

The contraction-induced by EFS was inhibited by TTX 
(10–6 M, a blocker of voltage-gated sodium channel), atropine 

(10–6 M, muscarinic receptor antagonist), prazosin (10–6 M, 
α1 adrenergic receptor antagonist) and DPCPX (10–6 M, ad-
enosine A1 receptor antagonist) in both normal and DM rat. 
The percentages of the contraction inhibition in DM rats were 
significantly lower than those in normal rats (Fig. 3; p<0.001, 
p<0.001, p<0.01 and p<0.01 respectively).

Alteration of Ca2+ and K+ channels in tissue from DM rats
The effects of the Ca2+ and K+ channel blockers are shown 

in (Fig. 4). The muscle strips were pre-incubated with 10–3 M 
TEA (tetraethylammonium; non-specific K+ channel blocker) 
and 10–4 M 4-AP (4-aminopyridine; voltage-gated potassium 
channel blocker) for 10 min before the application of EFS. The 
contraction induced by EFS was facilitated in the presence of 
TEA and 4-AP. The percentage of contraction by 4-AP (Fig. 
4B) in the DM colon strips was significantly lower than that in 
normal colon strips (p<0.05). However, there was no signifi-
cant difference between normal and DM rats in TEA-treated 
tissues (Fig. 4A). Verapamil, a calcium channel blocker (10–6 
M) blocked the EFS-induced contraction in the colon of both 
normal and DM rats. Consequently, the inhibitory percentage 
on contraction by verapamil in the colon of DM rats was sig-
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Fig. 3. Percentage of inhibition of contraction in the colon induced by various receptor antagonists between normal and DM rats. EFS-
induced contraction of the normal and DM colon in the presence of tetrodotoxin (A), atropine (B), prazosin (C), and DPCPX (D). The con-
tractile response was obtained by the application of EFS at 1, 2, 4, and 6 Hz, for 5 min intervals. Tetrodotoxin (10–6 M), atropine (10–6 M), 
prazosin (10–6 M), and DPCPX (10–6 M) were added to the muscle strips for 30 min before the EFS was applied. The data are expressed 
as the mean ± SEM (n=6). ##p<0.01 and ###p<0.001 compared with normal rats by two-way ANOVA test. DM, diabetic mellitus; tetrodotoxin, 
neuronal blocker/sodium channel blocker; atropine, muscarinic receptor antagonist; prazosin, α1-adrenergic receptor antagonist; DPCPX, 
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Fig. 2. Representative traces and tension comparison on EFS-induced contraction of colon in normal and DM rats. EFS-induced contrac-
tion in normal rats (A); EFS-induced contraction in DM rats (B); and the average tension of EFS-induced contraction in normal and diabetic 
colons (C). The contractile response was obtained from the application of EFS at 1 Hz, 2 Hz, 4 Hz, and 6 Hz, for 5 min intervals. The data 
are expressed as the mean ± SEM (n=13). ###p<0.001 compared with normal rats by two-way ANOVA test. DM, diabetes mellitus.
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nificantly lower than that in normal rats (p<0.001) (Fig. 4C).

PLC enzyme was altered in the colon of DM rats
The effect of intracellular signaling inhibitors is presented 

in Fig. 5. To obtain accurate information on the mechanism of 
the reduced contractions induced by EFS in DM colon strips, 
10–6 M U73122 and 10–5 M chelerythrine chloride were used. 
U73122 is a PLC inhibitor that inhibits calcium release from 
the intracellular sarcoplasmic reticulum (Smith et al., 1990; 
Mogami et al., 1997). The percentage of inhibition of con-
traction in DM rats was significantly lower than that in nor-
mal rats (p<0.001) (Fig. 5A). Chelerythrine chloride is a non-
competitive PKC inhibitor with respect to ATP (EcklyMichel et 
al., 1997). However, there was no significant difference when 
both normal and DM tissues were treated with chelerythrine 
(Fig. 5B).

p-MLC was reduced in the colon of DM rats
Subsequently, further signaling pathways were examined. 

The ERK inhibitor (PD98059; 10–5 M) and the p38 MAPK in-
hibitor (SB202190; 10–5 M) blocked the contractile responses 
generated by EFS in both normal and DM rats. The percent-
age of inhibition of contraction in the tissues from DM rats 
was not significantly lower than that in normal rats in both 
SB202190- (Fig. 6A) and PD98059- (Fig. 6B) treated tissues, 

as well. ML-9 (10–5 M; a MLCK inhibitor) inhibited the contrac-
tile response induced by EFS in both normal and DM rats. 
In the tissue samples from DM rats, responses to EFS were 
significantly smaller than those in control tissues (Fig. 6C). In 
order to examine whether the p-MLC was changed in the DM 
state, protein expression of p-MLC and MLC were analyzed 
by western blotting. p-MLC from MLC is caused by MLCK. 
Relative expression level of p-MLC to MLC was significantly 
reduced by diabetes mellitus (Fig. 6D).

cGMP signaling pathway was altered in DM rats
When the tissues were pre-treated with udenafil (10–6 M); 

a PDE5 inhibitor, contractility was abolished in both groups. 
The percentage of inhibition of contraction in DM rats was sig-
nificantly lower than that in normal rats (p<0.001) (Fig. 7A). 
The basal smooth muscle contraction in both normal and DM 
smooth muscle strips was increased when methylene blue 
(10–4 M), a guanylate cyclase inhibitor, was added. The per-
centage of contraction in the tissues of DM rats were signifi-
cantly smaller than those in normal rats (p<0.001) (Fig. 7B). 
The expression of PDE5 was analyzed by western blotting 
(Fig. 7C). PDE5 is an enzyme that hydrolyzes cGMP to 5’-
GMP. The density of PDE5 relative to β-actin in the DM rats 
was significantly lower than that in normal rats (p<0.05).

DISCUSSION

It has been reported that reduced colonic contraction in 
DM rats is due to the decreased expression of the M2 and 
M3 muscarinic receptors (Kim et al., 2011). In contrast, it has 
been stated that the responsiveness of STZ-induced DM rat 
ileum longitudinal muscle to acetylcholine, carbachol, and 
bethanechol is increased (Carrier and Aronstam, 1990). In 
this study, the results suggested that the decreased colonic 
contraction in DM was due to the alterations in the muscarinic 
receptor. This is because the inhibitory on contraction by atro-
pine was less affected in DM colon when compared to the nor-
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Fig. 4. Percentage of contraction and of inhibition on contraction in 
the colon induced by channel blockers in normal and DM rats. The 
EFS-induced contraction of normal and DM colon in the presence 
of TEA (A), 4-AP (B), and verapamil (C). The contractile response 
was obtained by the application of EFS at 1 Hz, 2 Hz, 4 Hz, and 6 
Hz, for 5 min intervals. TEA (10–3 M), 4-AP (10–4 M), and verapamil 
(10–6 M) were added to the muscle strips for 15 min before EFS 
was applied. The data are expressed as the mean ± SEM (n=6). 
#p<0.05 and ###p<0.001 compared with normal rats by two-way 
ANOVA test. DM, diabetic mellitus; TEA, tetraethylammonium (non-
specific K+ channel blocker); 4-AP, 4-aminopyridine (voltage-gated 
K+ channel blocker); verapamil, L-type calcium channel blocker. 
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mal colon. In addition, sympathetic nerve-induced excitation in 
the longitudinal and circular smooth muscle in all parts of the 
colon is believed to be mediated through α1-adrenergic recep-
tors (Luckensmeyer and Keast, 1998). Prazosin led to signifi-
cant differences in the percentage of inhibition on contraction 
induced by EFS between the normal and DM rat bladder (Han 
et al., 2018). The present data showed that the percentage of 
inhibition in DM tissues in the presence of prazosin against 
EFS was due to the decreased α1-adrenergic receptor activity.

Consequently, DPCPX resulted in a significant difference 
in the percentage of inhibition between the colon of normal 
and DM rats. DPCPX (8-cyclopentyl-1, 3-dipropylxanthine) is 
a drug that acts on the adenosine A1 receptor as a selective 
antagonist (Lohse et al., 1987). The contraction in rat colonic 
muscularis mucosae (RCMM) was mediated through the ad-
enosine A1 receptors (Reeves et al., 1993). There is no spe-
cific role of adenosine A1 receptor in the colon of DM rats. 
Nonetheless, in our study, DPCPX was shown to result in a 
significantly lower percentage of inhibition in the colon of DM 
rats than normal rats. These data showed that the activity of 
the adenosine A1 receptor was decreased in DM. 

It is reported that hyperglycemia could inhibit the short and 
long neural reflexes to modulate colonic motility, which may 
lead to constipation in patients with DM (Sims et al., 1995). 
Impaired contraction and relaxation in colonic circular muscle 
strips from rats with DM may have resulted from the loss of 
enteric neurons in the colon due to increased oxidative stress 
and apoptosis (Chandrasekharan et al., 2011). Previous stud-
ies have demonstrated that DM following exposure to STZ for 
7 days affects GI motility through a neuronal defect in the duo-
denum and colon (Furlan et al., 1999, 2002). In this study, it 
was shown that the reduced colonic contraction in EFS was 
due to the impaired neuronal function because blockade of 
neural activity by TTX was less affected in DM rats when com-
pared to the normal rats.

Under normal conditions, the release of acetylcholine from 
the parasympathetic nerve inactivates K+ channels, resulting 
in depolarization and increase in Ca2+ influx into the cytoplasm, 
thus leading to the circular smooth muscle contraction (Som-
lyo and Somlyo, 2003). Different potassium channel blockers 

Fig. 6. Percentage of inhibition in the colon induced by various inhibitors and expression of p-MLC and MLC in the colon in normal and DM 
rats. EFS-induced contractility of the normal and DM colon in the presence of SB 2022190 (A), PD 98059 (B) and ML-9 (C). The contractile 
response was obtained by the application of EFS at 1 Hz, 2 Hz, 4 Hz, and 6 Hz, for 5 min intervals. SB202190 (10–5 M), PD 98059 (10–5M), 
and ML-9 (10–5 M) were added to the muscle strips for 10 min before the EFS was applied. p-MLC was detected by western blotting. The 
colon was lysed in buffer and subjected to SDS-PAGE electrophoresis, with actin used as a loading control. The expression of p-MLC was 
displayed as relative expression (D). The data were expressed as the mean ± SEM (n=6). #p<0.05 compared with normal rats by two-way 
ANOVA test, *p<0.05 compared with normal rats by Student’s t-test. DM, diabetic mellitus; SB 202190, ERK inhibitor; PD 98059, p38 MAPK 
inhibitor; ML-9, MLCK inhibitor. 
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Fig. 7. Percentage of contraction and of inhibition on contraction 
in the colon induced by enzyme inhibitors and expression of PDE5 
in the colon of normal and DM rats. EFS-induced contractility in 
normal and DM colon in the presence of udenafil (A) and methy-
lene blue (B) and expression of PDE5 in colon tissue (C). The 
contractile response was obtained by the application of EFS at 1 
Hz, 2 Hz, 4 Hz, and 6 Hz, for 5 min intervals. Udenafil (10–6 M) and 
methylene blue (10–4 M) were added to the strips for 10 min before 
the EFS was applied. PDE5 was detected by western blotting. The 
colon was lysed in buffer and subjected to SDS-PAGE electropho-
resis, with actin used as a loading control. The expression of PDE5 
was displayed as relative expression. The data are expressed as 
the mean ± SEM (n=6). ###p<0.001 compared with normal rats by 
two-way ANOVA test, *p<0.05 (n=3) compared with normal by Stu-
dent’s t-test. DM, diabetic mellitus; Udenafil, PDE5 inhibitor; MB, 
methylene blue=soluble guanylate cyclase inhibitor.
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(TEA and 4-AP) were used to examine the role of potassium 
channels in DM colon. The DM colon had a significantly lower 
contractile effect than the normal colon in 4-AP treated muscle 
strips. This finding suggested that the activity of the voltage-
sensitive K+ channel could be decreased in DM colon. Also, 
this may have a potential therapeutic effect to improve consti-
pation in DM states.

Consequently, impaired colonic contractility in DM mice is 
associated with impaired Ca2+ handling (Forrest et al., 2005). 
Diabetic mice had a significantly lower calcium transient gen-
erated from potassium chloride stimulation in the colon than 
the normal mice, which led to reduced MLC phosphorylation.
(Touw et al., 2012). Increased global O-glycosylation in car-
diomyocytes has been shown to decrease Ca2_ sensitivity in 
these tissues and attenuate contractility (Clark et al., 2003). 
The decreased contractility in the bladder detrusor muscle re-
sulted from the alteration of PLC activity, which mediates Ca2+ 
release (Han et al., 2018). In our experiments, the results are 
in agreements with the fact that the reduced contraction was 
due to an impaired voltage-sensitive Ca2+ channel via PLC 
signaling.

Subsequently, changes in Ca2+ release lead to the alteration 
of the signaling pathway. The variation in MLC phosphoryla-
tion may be influenced through MLCK and MLC phosphatase. 
MLCK activity was significantly reduced in the colonic smooth 
muscle of the DM rats. The expression levels of MLCK in the 
pylorus and ileum of the diabetic group were both significantly 
reduced compared with the control group (Hu and Feng, 2012). 
This further decreased the expression level of MLC phos-
phorylation. In diabetic rabbits compared with normal rabbits, 
urinary bladder contraction was decreased with the increased 
level of MLC phosphorylation (Su et al., 2004). Phosphoryla-
tion of MLC in the coronary microvessels was significantly in-
creased in the diabetic Yucatan miniswine compared with the 
controls (Clements et al., 2009). Another alternative pathway 
that can directly affect the MLC phosphorylation is through 
PKC. We did not find any significant differences between nor-
mal and DM rats when using a PKC inhibitor (chelerythrine). 
It can be suggested that decreased colonic motility was due 
to the reduced MLC phosphorylation through attenuation of 
MLCK activity.In intestinal smooth muscle, MLCP activity was 
regulated by CPI-17, MYPT-1, and cGMP (Lincoln, 2007). Re-
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cent studies have indicated that MAPK has an important role 
in the phasic intestinal smooth muscle (Ihara et al., 2009). We 
did not observe any differences in the ERK and MAPK path-
ways, which inhibit MLCP activity (Ihara et al., 2015), between 
normal and DM rats with the use of appropriate inhibitors (Fig. 
5A, 5B). It is therefore suggested that the MAPK signaling 
pathway was not altered in DM colonic dysfunction.

EFS-induced relaxation was enhanced in both amplitude 
and duration under PDE5 inhibition in the anococcygeus 
(O’Kane and Gibson, 1999). In a previous study, PDE5 sig-
naling was altered in diabetic bladder dysfunction (Han et al., 
2018). In the present study, PDE5 inhibition and expression of 
PDE5 were reduced in DM. Subsequently, sGC activity in co-
lonic relaxation was changed by diabetes. This study supports 
the involvement of the cGMP pathway through nitric oxide and 
PDE5 in the impaired relaxation of colonic smooth muscle in 
DM. Although this study has explored the signaling changes in 
colonic dysfunction that occurs in DM, there are several limita-
tions, such as the type of diabetes, the duration of diabetes 
and the strains of animal used.

In conclusion, we found that the contractility induced by 
EFS in the colon was decreased in DM. Tetrodotoxin, atropine, 
prazosin, DPCPX, 4-AP, verapamil, ML-9, udenafil, and meth-
ylene blue had significant lower effects on DM colon when 
compared to the normal colon. This reduced contractility re-
sulted from the impaired neuronal conduction and decreased 
muscarinic, α1-adrenergic and adenosine A1 receptor activi-
ties, which resulted in decreased p-MLC expression through 
decreased MLCK activity, and changes in MLCP activity via 
PDE5 and the cGMP pathway. The activities of the voltage-
gated potassium and calcium channels were reduced in DM 
state. The summary of the signaling changes in colon motility 
in rats with DM was provided in Fig. 8.
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