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Cardiac Pharmacology

Exenatide Inhibits the Kc,3.1 Channels of Aortic
Vascular Smooth Muscle in Diabetic Rats

Peng Dong,* Minglong Liu* and Chaofeng Liu®

Background: K¢,3.1 ion channels play an important role during atherosclerosis. We aimed to investigate the effect
of exenatide on K¢,3.1 expression in aortic vascular smooth muscle cells (VSMCs) of diabetic rats.

Methods: Sprague-Dawley rats were randomly divided into normal control (NC), diabetes model (DM), and

exenatide treatment (ET) groups. Hematoxylin and eosin and a-actin immunohistochemical staining were used to

detect changes in rat aortic vascular smooth muscle. Quantitative RT-PCR and Western blot analysis were used to
detect changes in Kc;3.1 mRNA and protein levels, respectively.
Results: Aortic tissue staining in the DM group revealed an absence of smooth or integrated endothelium,

increased smooth muscle cell proliferation in the media, smooth muscle hyperplasia, disorganized smooth muscle

cells, and an increased number of collagen fibers, relative to the NC and ET groups. Kc,3.1 mRNA expression was
higher in the DM group than in the NC and ET groups. Similarly, the K¢,3.1 protein level was higher in the DM group
thanin the NC and ET groups. The K¢,3.1 protein level did not significantly differ between the ET and NC groups.
Conclusions: Exenatide could inhibit the expression of the Kc,3.1 channel in VSMCs of diabetic rats.
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INTRODUCTION

Diabetes is a common chronic condition frequently
complicated by vascular lesions. Diabetic vascular le-
sions can cause cardio-cerebral vascular events, and re-
sult in serious damage, since hyperglycemia can acceler-
ate atherosclerosis.' Vascular smooth muscle cells (VSMCs)
are vital during atherosclerosis, and proliferation of
VSMCs is an essential step in the pathogenesis of ath-
erosclerosis.”

Kca3.1 calcium-activated potassium ion channels
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play an important role during atherosclerosis.® The Kc,3.1
ion channel regulates transcription factors and cell cycle
proteins by controlling the intracellular calcium concen-
tration and proliferation of VSMCs.* The contractile phe-
notype of VSMCs changes to the proliferative pheno-
type during arteriosclerosis in humans and rats, and the
Kcal.1 and K¢,3.1 ion channels of VSMCs are down-
regulated and upregulated, respectively.” Insulin and ad-
vanced glycosylation end products upregulate the Kc,3.1
channel through their receptors, promote the prolifera-
tion and migration of VSMCs, and result in the develop-
ment and progression of arteriosclerosis.®’ Drug or
gene knockdown interventions for K¢,3.1 may slow the
development of atherosclerosis.®’

Drugs that can lower blood sugar and serum choles-
terol levels are of clinical significance in diabetes treat-
ment. The glucagon-like peptide-1 (GLP-1) receptor is
present in arterial endothelial cells and arterial VSMCs.'**!
Active GLP-1 in the blood has been correlated with athe-
rosclerotic plaques, as it has been found to stabilize
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such plaques.’ Exenatide is a GLP-1 analogue that has
been widely used to treat hyperglycemia in type 2 dia-
betes patients, and it has been shown to protect the ar-
terial endothelium directly by activating the adenosine
monophosphate-activated protein kinase/phosphati-
dylinositol-3-kinase/protein kinase B/endothelial nitric
oxide synthase (AMPK/PI3K/Akt/eNOS) pathway.** Stud-
ies have shown that exenatide reduces proliferation of
impaired artery intima'*" and relieves cell aging in-
duced by an angiotensin Il receptor blocker.'® Exenatide
has also been shown to affect macrophagocytes, exert
an anti-inflammatory effect, attenuate proliferation of
VSMCs, and delay atherosclerosis.”’

VSMC proliferation results in upregulation of K¢,3.1
during atherosclerosis; however, it remains to be deter-
mined if exenatide could prevent atherosclerosis forma-
tion by altering Kc,3.1 expression. Here, we established
a rat model of diabetes to observe the effect of exe-
natide on Kc¢,3.1 expression in aortic VSMCs using pa-
thology, immunohistochemistry, and molecular biology.

MATERIALS AND METHODS

Experimental animals

A total of 24 healthy, specific pathogen-free, 8-
week-old Sprague-Dawley (SD) rats (average weight,
200-250 g) were purchased from the Laboratory Animal
Center of the Fourth Military Medical University. All pro-
tocols were approved by the Institutional Animal Care
and Use Committee of Xi’an Jiaotong University.

Main equipment and reagents

Streptozotocin (STZ) (02100557.1; MP Biomedicals,
Santa Ana, CA, USA), exenatide injection (AstraZeneca,
London, UK), glucose testing kit (FO06; Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China), total
cholesterol test kit (F002-1; Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China), Kc,3.1 antibodies
(60276-1-Ig; Proteintech, Wuhan, China), DAB reagent
kit (SP-9000; ZSGB-BIO, Beijing, China), PrimeScript RT
reagent kit with gDNA Eraser (Perfect Real Time; Ta-
KaRa, Dalian, China), SYBR® Premix ExTaq"" Il (Tli RNase
H Plus; TaKaRa, Dalian, China), TRIZOL™ Reagent (Life
Technologies, Carlsbad, CA, USA), Goat Anti-Rabbit IgG
(Thermo Fisher Scientific, Rockford, IL, USA), Goat Anti-

Mouse IgG (Thermo Fisher Scientific, Rockford, IL, USA),
and a-actin antibodies (55135-1-AP; Proteintech, Wu-
han, China).

SD rat diabetic model

Six 8-week-old SD rats were randomly classified into
the normal control (NC) group and given standard chow.
Eighteen 8-week-old SD rats were fed a high sugar and
high fat diet for 8 weeks (feed formula: 10% lard, 20%
sucrose, 2.5% cholesterol, 1% bile salts, and 66.5% nor-
mal feed)'® to initiate the development of the DM. At 16
weeks of age, the 18 diabetic rats were given intraperi-
toneal injections of STZ (30 mg/kg) dissolved in citric
acid buffer (0.1 mol/L, pH 4.4) administered following a
12-hour fast. Rats in the NC group were injected with
the same volume of citrate buffer at 16 weeks of age.
Blood samples were extracted from the tail tips of all
rats at 17 and 23 weeks of age, and used to test fasting
blood glucose and total cholesterol levels. A total of 17
diabetic rats were successfully produced (fasting blood
glucose > 11.1 mmol/L).

Grouping and drug administration

The diabetic rat model was successfully established,
and then the rats were divided into two groups: nine
rats were placed in the diabetes model (DM) group, and
eight in the exenatide treatment (ET) group. Rats in both
these groups were fed a high sugar and high fat diet for
4 weeks, followed by a normal diet for 2 weeks, while
those in the NC group were fed a normal diet for 6
weeks. Six rats died during the experiment (three each
from the DM and ET groups group). The rats in the ET
group were administered 5 pg exenatide once daily via a
subcutaneous injection into the abdomen. The animals
in the DM and NC groups received the same volume of
saline daily via subcutaneous injection into the abdo-
men.

Collection and storage of tissue and blood samples

All the rats were anesthetized with intraperitoneal
injections of chloral hydrate (5%; 0.8 mL/100 g). Blood
samples were extracted from the tail tip of rats in all
three groups and used to test fasting blood glucose and
total cholesterol levels at 23 weeks of age. The thoracic
aortas were removed, weighed, snap-frozen in liquid ni-
trogen, and stored at -80 °C.
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Staining of the thoracic aortas

After the rats had been anesthetized, the thoracic
aortas were removed and fixed in 4% paraformalde-
hyde. They were then embedded in paraffin and sec-
tioned continuously. Sections were stained with hema-
toxylin and eosin (H&E), Masson’s trichrome, or with la-
beled antibodies for the immunohistochemical identifi-
cation of a-actin. Changes in the aortic structure were
observed under a microscope and photographed.

Changes in the K¢,3.1 mRNA expression in the
thoracic aortas

Total RNA was extracted from arterial smooth mus-
cles using TRIzol, and the mRNA levels were quantified
by NanoDrop 2000c (Thermo Scientific, Wilmington, DE,
USA). To confirm the quality of the RNA, RNA extract
was subjected to electrophoresis (20 minutes, 1% aga-
rose gel). The electrophoresis images were observed by
gel imaging analysis system (Shanghai Peiging Technol-
ogy Co., Ltd., Shanghai, China) and clear 28S and 18S
bands and a blurry 5S band appeared. The RNA was
then used for reverse transcription (RT) to cDNA. Quan-
titative real-time RT-PCR was then performed in tripli-
cate with a SYBR® Premix Ex Taq kit (25 pL reaction vol-
ume; TaKaRa, Dalian, China). The reaction included ini-
tial denaturation at 95 °C (30 seconds), followed by 40
cycles of denaturation at 95 °C (5 seconds), annealing at
56 °C (30 seconds), and extension at 60 °C (40 seconds).
Absolute gene transcription was normalized to the level
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Table 1 lists the primer sequences used for each gene.
The relative fold change of each group was calculated
using the 272" method.
Change in K¢,3.1 protein expression in the thoracic
aortas

Smooth muscle cells of each group were lysed with
RIPA lysis buffer and used for total protein extraction.
The protein extract was then quantified. Protein (25 pug)
was separated using 10% sodium dodecyl sulfate-poly-

Table 1. Oligonucleotide sequences of primers used for RT-PCR

acrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% (w/v) skimmed
milk powder in Tris-buffered saline with Tween for 1
hour, incubated with primary antibodies to K¢,3.1 (1:300
dilution) for 2 hours at room temperature, and then
overnight at 4 °C. After washing the membranes, they
were incubated with secondary antibodies (1:10,000 di-
lution; horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG) for 1 hour at room temperature. Signals
were detected using enhanced chemiluminescence.

Statistical analysis

Data were analyzed using SPSS v19.0 software. Data
were presented as mean * standard deviation. Normally
distributed data were analyzed using one-way analysis
of variance (ANOVA). When variance was uneven, data
were analyzed using one-way ANOVA by reciprocal trans-
formation. Comparisons among groups were performed
using Fisher’s least-significant difference test. Differ-
ences were considered statistically significant at a p
value < 0.05.

RESULTS

Characteristics of the SD diabetic rat model

The diabetic SD rats exhibited significant weight
loss, increased blood sugar levels, and blood lipid levels.
Table 2 presents the body weight at 16, 17, and 23
weeks of age, and the blood sugar (glucose) and the
blood lipid (cholesterol) levels of the three groups at 17
and 23 weeks of age. The results revealed that the aver-
age weight did not significantly differ among the three
groups at 16 weeks of age. However, at 17 weeks, the
average weight of the NC group was significantly higher
compared to the DM and ET groups (p < 0.01). The aver-
age body weight did not significantly differ between the
ET and DM groups at 17 weeks of age (p > 0.05), how-
ever it was significantly higher in the NC group com-

Gene Accession No Forward primer Reverse primer
H-GAPDH NM_017008 CCATGTTCGTCATGGGTGTGAACCA GCCAGTAGAGGCAGGGATGATGTTC
KCNN4 NM_023021 AACTGGCATCGGACTCAT AGACAAAGGAGGAAGGCAG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KCNN4, gene encoding Kc,3.1 protein.
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pared to the DM and ET groups at 23 weeks of age (p <
0.01). The average body weight did not significantly dif-
fer between the ET and DM groups at 23 weeks of age
(p >0.05).

The blood glucose levels of the DM and ET rats met
the diagnostic criterion for diabetes. The average blood
glucose levels of the DM and ET groups were signifi-
cantly higher than the NC group at 17 weeks of age. Im-
portantly, the average blood glucose level of the ET
group was significantly lower than that of the DM group,
but still higher than that of the NC group at 23 weeks of
age (p < 0.01). Similarly, the average cholesterol level
was significantly higher in the ET and DM groups com-
pared to the NC groups, and there was no significant dif-
ference between the ET and DM groups at 17 weeks of
age. At 23 weeks of age, the average cholesterol was the
highest in the DM group and lowest in the NC group (p <
0.01; Table 2).

Microscopic structure of rat thoracic aortas

Rat thoracic aorta tissue was examined through stain-
ing and histological analyses to identify potential vascular
lesions. The results of the H&E staining showed intact and
smooth intima, intact media and adventitia, and no obvi-
ous proliferation of smooth muscle cells in the media of
the NC group (Figure 1). In the DM group, the intima was
not intact or smooth, and the smooth muscles in the me-
dia showed obvious proliferation. In the ET group, some
smooth muscle proliferation was visible.

The immunohistochemical staining for a-smooth
muscle actin revealed well-distributed smooth muscle
and intact intima in the NC group. In the DM group,
smooth muscle cells formed intima hyperplasia that was
relatively dense in some areas, and parts of the vascular

walls protruded into the artery lumen. Aggregates of
smooth muscle under the intima were observed in the
ET group.

As shown in Figure 1, following Masson’s trichrome
staining, the collagen fibers were stained blue, the mus-
cle fibers were stained red, and the nuclei were stained
bluish-purple. The results of the staining revealed that
the media of the NC group had regular smooth muscle
fibers, and the tissues of the DM group had an obvious
increase in collagen fibers, derangement of collagen fi-
bers and smooth muscles, and a lack of a smooth and
intact intima. In addition, an increase in collagen fibers
was observed in the ET group.

Changes in the Kc;3.1 mRNA level in thoracic aorta
smooth muscles
Fluorescent quantitative RT-PCR results indicated

NC DM ET

Masson

Figure 1. Representative photomicrographs of rat aorta (Original
magnification: x400). DM, diabetes model; ET, exenatide treatment; HE,
hematoxylin and eosinstaining; Masson, Masson’s trichrome staining;
NC, normal control; a-actin, inmunohistochemistry for alpha-actin.

Table 2. Weight and biochemical characteristics of Sprague-Dawley rats

Weight of rat (g) Glucose (mmol/L) Cholesterol (mmol/L)

Group
16w 17w 23w 17w 23w 17w 23w

Normal control 572.11+60.84 575.38 +65.85 606.06 + 64.90 6.34+£0.35 6.68 +0.31 1.26+£0.03 1.32+0.05
(NC) (n=6) (n=6) (n=6) (n=6) (n=6) (n=6) (n=6)
Diabetes model 507.34+57.78 462.79 +62.38* 422.79+45.37* 19.10+3.82* 21.81+2.66* 1.92+0.06* 1.96+0.07*
(DM) (n=9) (n=9) (n=6) (n=9) (n=6) (n=9) (n=6)
Exenatide 504.56 + 77.34 451.10 + 73.62* 468.66+70.05* 18.75+3.09* 9.90+0.55*" 1.95+0.07* 1.61+0.05*"
treatment (ET) (n=9) (n=28) (n=6) (n=28) (n=6) (n=28) (n=6)

* Indicates p < 0.01 when compared to the normal control (NC). # Indicates p < 0.01 when compared to the diabetes model (DM).
Data are expressed as mean * standard deviation (SD). w, weeks of age.
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that the average K¢,3.1 mRNA level was higher in the
DM group compared to the NC and ET groups (p < 0.01;
Figure 2). There was no significant difference in average
Kca3.1 mRNA level between the NC and ET groups (p >
0.05; Figure 2).

Changes in the K¢,3.1 protein level in thoracic aorta
smooth muscles

The Kc,3.1 protein level in the thoracic aorta smooth
muscles in the diabetic rats was observed by Western
blot analysis, which showed that the average Kc¢,3.1 pro-
tein level was significantly different among the three
groups (p < 0.01; Figure 3). The average Kc,3.1 protein
level was significantly higher in the DM group than in
the NC and ET groups, but it did not significantly differ
between the ET and NC groups (p > 0.05; Figure 3).

DISCUSSION

Diabetes is one of the major causes of atherosclero-
sis and accelerated atherosclerosis.”® Smooth muscle
proliferation is an essential step in atherosclerosis, and
it has been closely correlated with Ke,3.1.° The Kel3.1
level in smooth muscle cells has been found to be signif-
icantly elevated during atherosclerosis.’" In addition,
previous studies have reported that treatment of aortic
smooth muscle cells in normal rats with serum from dia-
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Figure 2. Kc,3.1 channel mRNA expression in smooth muscles of rat
aorta detected by quantitative RT-PCR. Statistics: * p < 0.01, vs. normal
control group; * p < 0.01, vs. diabetes model group; A p > 0.05, vs. nor-
mal control group.
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betic rats resulted in upregulation of K¢,3.1 expression
>22 |n the present study, we also demon-
strated that K¢;3.1 expression was upregulated in the
aortic smooth muscle cells of diabetic rats.

The GLP-1 receptor is present in arterial smooth
muscle cells. Exenatide can affect arterial smooth mus-

in these cells.

cle cells by inhibiting the proliferation of smooth muscle
cells, and inhibiting vascular remodeling by dynamically
regulating mitochondria.”® Exenatide can also prevent
endothelial vessel dysfunction by opening the K-ATP
channel, illustrating that exenatide can regulate the ion
channels of cells.”* In the present study, we showed that
exenatide can decrease Kc;3.1 mRNA and protein ex-
pression levels in aortic smooth muscles in diabetic rats.

After establishing DM at 17 weeks of age, the weight
of the rats decreased and the blood glucose levels met
the criteria for diabetes. These features are similar to
diabetic models used in previous studies.”?® At 23
weeks of age, the average blood glucose and serum cho-
lesterol levels were lower in the ET group compared to
the DM group (p < 0.01). These findings indicate that
exenatide could effectively lower blood glucose and se-
rum cholesterol levels.

Micrographs of aortic smooth muscles of the DM
and ET groups revealed vascular smooth muscle prolifer-
ation of the artery wall, which is a feature of early-stage
atherosclerosis. These micrographs suggested that the
thoracic aortas of the rats could develop atherosclerosis
under hyperglycemia and high blood lipid levels, which
is consistent with other reports.”? At 23 weeks of age,

Expression of KCa3.1 to f -Actin

==
Normal Diabetes Exenatide
control model treatment
(NC) (DM) (ET)
KCa31 o e G
ey, S o, S — —
Figure 3. Kc,3.1 channel protein expression in the smooth muscle of

rat aorta detected by western blotting. Statistics: * p < 0.01, vs. normal
control group; * p < 0.01, vs. diabetes model group; A p > 0.05, vs. nor-
mal control group.
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the average blood glucose and serum cholesterol levels
were lower in the ET group than in the DM group. More-
over, the average K¢;3.1 mRNA and protein levels in the
23-week-old rats were lower in the ET group compared
to the DM group, and the average blood glucose and se-
rum cholesterol levels in the 23-week-old rats were
higher in the ET group than in the NC group. High blood
glucose can increase the K¢,3.1 expression in VSMCs,
and if exenatide did not participate in inhibiting K¢,3.1
in VSMCs, the level of Kc;3.1 in VSMCs would have been
higher in the ET group than in the NC group. However,
the Kc;3.1 mRNA and protein levels did not significantly
differ between the ET and NC groups, suggesting that
exenatide itself participated in inhibiting Kc,3.1 expres-
sion of the aortic VSMCs in the diabetic rats.

Atherosclerosis is the result of long-term inflamma-
tory proliferative vascular lesions. It is associated with
endothelial cells, VSMCs, fibroblasts, macrophages, T
cells, B cells, and platelets. K¢,3.1 is expressed in these
cells during atherosclerosis, and it has been shown to
participate in VSMC proliferation, macrophage migra-
tion, fibroblast proliferation, and aggregation of T cells
and B cells.”’?? K¢,3.1 also plays a role in the migration
and transformation of VSMCs in the process of athero-
sclerosis. High blood glucose promotes the upregulation
of Kca3.1, and K¢,3.1 upregulation is essential in the
pathogenesis of atherosclerosis.

Many studies have shown that GLP-1 receptor ago-
nists affect the endothelium, macrophages, and smooth
muscle cells®>* due to their anti-atherosclerosis effect. A
previous study suggested that GLP-1 receptor agonists
could attenuate high blood glucose levels that induced
the proliferation and migration of smooth muscle cells by
inhibiting the extracellular signal-regulated kinases 1 and
2 (ERK1/2) and phosphatidylinositol-3-kinase/protein
kinase B (PI3K/Akt) signaling pathways.?® In addition,
GLP-1 receptor agonists have been reported to decrease
the intima media thickness of the carotid artery in pa-
tients with type 2 diabetes.?” Another study also showed
that exenatide improved coronary endothelial function in
human umbilical vein endothelial cells, and that exe-
natide increased nitric oxide (NO) production and eNOS
activation via the glucagon-like peptide-1 receptor/cyclic
adenosine monophosphate (GLP-1R/cAMP) signaling
pathways. Furthermore, exenatide has been shown to
promote endothelial nitricoxide synthase (eNOS) activa-

653

tion in the adenosine monophosphate-activated protein
kinase (AMPK) and PI3K/Akt signaling pathways."*> eNOS
is @ major enzyme that helps control the rate of NO
biosynthesis in vascular endothelial cells, when increased
in vascular endothelial cells, NO can inhibit the prolifera-
tion and migration of VSMCs.*®*° Therefore, exenatide
could indirectly inhibit VSMC proliferation and migration.
These effects of exenatide depend on GLP-1R, and they
can thus be eliminated by using a GLP-1R antagonist.™
Proliferation and migration of VSMCs has been found to
be increased in atherosclerosis, and the proliferation of
smooth muscle cells is associated with K¢,3.1 upregu-
lation at the transcriptional level. VSMCs switch from the
contractile phenotype to the proliferative phenotype,
and Kc,3.1 expression is rapidly upregulated in athero-
sclerosis.*' Exenatide can inhibit the proliferation and mi-
gration of VSMCs, resulting in the downregulation of
Kea3.1. Angiotensin Il (Ang 1l) can also induce the prolifer-
ation and migration of VSMCs.*’ A previous study showed
that ERK1/2 and c-Jun N-terminal kinase (JNK) played im-
portant roles in Ang ll-induced rat aortic smooth muscle
cell (RASMC) proliferation and migration, where Ang Il
caused a phenotypic switch of RASMCs from the contrac-
tile type to the synthetic proliferative type, which is a key
step in atherosclerosis. Furthermore, exenatide inhibited
Ang ll-induced phosphorylation of ERK1/2 and JNK, which
prevented Ang ll-induced RASMC proliferation and migra-
tion.'” These findings suggest that exenatide, which acti-
vates GLP-1R in the endothelium and in VSMCs, can pre-
vent the proliferation and migration of VSMCs via differ-
ent cellar pathways, resulting in the downregulation of
Kca3.1.

CONCLUSIONS

In summary, the GLP-1 receptor agonist exenatide
inhibited smooth muscle proliferation and migration by
activating GLP-1R via different cellular pathways, result-

ing in inhibition of Kc,3.1 upregulation in aortic vascular
smooth muscles of diabetic rats.
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