
Corresponding author: Xing-Li Su, Ph.D., Department of Pathophysiology, Xi’an Medical University, 1 Xinwang Road, Xi’an, Shaanxi
710021, The People’s Republic of China. Fax: +86-029-86177552, E-mail: suxingli@126.com
Received: March 3, 2012; Revised: May 25, 2012; Accepted: June 29, 2012.
©2013 by The Chinese Physiological Society and Airiti Press Inc.  ISSN : 0304-4920.  http://www.cps.org.tw

Chinese Journal of Physiology 56(3): 155-162, 2013 155
DOI: 10.4077/CJP.2013.BAB104

Role of KCa3.1 Channels in Proliferation and
Migration of Vascular Smooth Muscle Cells

by Diabetic Rat Serum

Xing-Li Su1, Hong Zhang2, Wei Yu1, Shuang Wang1, and Wei-Jun Zhu3

1Department of Pathophysiology, Xi’an Medical University, Xi’an, 710021
2Department of Infectious Disease, Shaanxi Provincial People’s Hospital, Xi’an 710068

and
3Department of Cardiology, Xi’an GaoXin Hospital, Xi’an, 710075

Shaanxi, People’s Republic of China

Abstract

Proliferation and migration of vascular smooth muscle cells (VSMCs) are important events in the
development of diabetic atherosclerosis.  Previous studies have suggested that KCa3.1 channels participate
in atherosclerosis and coronary artery restenosis.  In the present study, we attempted to clarify the roles
of KCa3.1 channels in the proliferation and migration of VSMCs using experimental type-2 diabetes rat
serum and aortic smooth muscle cells (SMC) prepared from non-diabetic rats.  mRNA and protein levels
and current density of KCa3.1 channels were greatly enhanced in cultured VSMCs treated with diabetic
serum.  In addition, diabetic serum promoted cell proliferation and migration in cultured VSMCs, and
the effects were fully reversed in the cells treated with the KCa3.1 channels blocker TRAM-34.  In
conclusion, serum from diabetic rats increases the expression of KCa3.1 channels and promotes
proliferation and migration of VSMCs to possibly participate in vascular remodeling in diabetes.
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Introduction

Diabetes is a major threat to global public health
and diabetic macrovascular complication underlies
the pathogenesis of diabetic patients’ cardiovascular
and cerebrovascular accidents (21).  As atherosclerotic
lesions progress, smooth muscle cells migrate from
media and participate in the formation of a fibrous
cap.  Proliferation and migration of vascular smooth
muscle cells (VSMCs) represent an essential event in
the diabetic atherosclerosis.  In several studies, nu-
merous mitogenic factors, such as insulin, advanced
glycosylation end products (AGEs) and hypergly-
cemia, have been proposed to promote the observed
proliferation and migration of VSMCs in vitro (1, 3,
33).  In recent years, much research has focused on

the role of KCa3.1 channels in atherosclerosis (12,
26, 28).  The intermediate-conductance calcium-
activated potassium channels (IKCa, KCa3.1) regulates
membrane potential and calcium signaling (32).  As
hyperpolarization and/or depolarization are required
for the proliferation in mitogen-stimulated cycling
cells, oscillatory intracellular Ca2+-regulated KCa3.1
channels play a crucial role in cell migration and
proliferation (4, 6).  We and others have previously
reported in rats and swine that KCa3.1 expression is
significantly increased in VSMCs during vascular
remodeling followed by balloon catheter injury, myo-
cardial infarction, hypertension and early athero-
sclerosis (24, 26).  In the present study, we determined
whether expression of KCa3.1 channels was regulated
by serum of diabetic rats in cultured rat VSMCs.
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Furthermore, we explored the role of KCa3.1 channels
in proliferation and migration in VSMCs.  We found
that the expression of KCa3.1 channels increased in
VSMCs treated with diabetic serum.  Pharmacological
blockade KCa3.1 activities resulted in the suppression
of proliferation and migration in VSMCs.  We, there-
fore, propose that diabetic serum promoted migration
and proliferation of VSMCs by upregulating KCa3.1
channels, for which it might participate in angiopathy
in diabetes.

Materials and Methods

Experimental Animals

Experimental protocols were approved by the
Institutional Animal Care and Use Committee of Xi’an
Jiaotong University and conformed to the Guide for
the Care and Use of Laboratory Animals published by
the National Institutes of Health, USA.  Male Sprague-
Dawley rats (n = 45, 173 ± 18 g), obtained from the
Laboratory Animal Centre of Xi’an Jiaotong Uni-
versity, were housed under conditions of 22 ± 2°C,
humidity of 55% ± 5%, and a 12 h/12 h light/dark
cycle.  The animals were randomly divided into non-
diabetic and diabetic groups.  Type-2 diabetes was
induced by a single intraperitoneal injection (i.p.) of
30 mg/kg Streptozotocin (STZ) after 8 weeks on a
modified high fat and glucose diet (10% grease, 20%
sucrose, 1% bile salt, and 2.5% cholesterol) (31).
Blood glucose was measured by using One Touch
SureStep Glucose Meter (LifeScan Inc., Milpitas,
CA, USA) 1 week after STZ injection.  Only animals
with > 11.1 mM of blood glucose were included in
the diabetic group.  Age-matched animals fed with
standard rat chow and injected with the drug vehicle
citric acid buffer served as the control.  One month
after STZ injection, rats in the two groups were fed
with normal diet for an additional two months.  When
animals were sacrificed, the blood sera were prepared.
Non-diabetic control rats were age-matched with the
diabetic rats at the time of sacrifice.  The type-2
diabetes was characterized with increase of blood
serum insulin (0.035 vs. 0.013 µIU/ml of control),
fasting blood glucose (22.8 vs. 5.2 mM), serum cho-
lesterol (3.6 vs. 1.5 mM), glycosylated hemoglobin
(19.2% vs. 10.5%) and mean artery pressure (143.6
vs. 95.8 mmHg) as well as reduced body weight (338
vs. 523.8 g) as previously described (31).

Culture of VSMC

VSMCs in primary culture were obtained using
explant culture method as described previously (11).
Briefly, 6-week-old Sprague Dawley rats (either sex)
were anesthetized with sodium pentobarbital (50 mg/

kg i.p.), and the aortae were quickly excised and
placed in cold Dulbecco’s modified Eagle’s medium
(DMEM, with 5 mM glucose) (Gibco, Burlington,
ON, Canada).  After the layers of adventitia and
endothelium were carefully stripped off, the medial
VSMC layers were cut into 1 mm3 scraps, explanted
in culture flask with DMEM containing 10% fetal
bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA),
penicillin (100 U/ml) and streptomycin (100 µg/ml)
and incubated at 37°C in a humidified atmosphere
with 5% CO2.  The medium was changed twice weekly
and the cells were subcultured when grown to 80%
confluence.  Cultured cells of passages 6-9 were used
in experiments.  The cells were treated with DMEM
containing 5% diabetic rat serum or non-diabetic
serum for 24 h after incubation with serum-free DMEM
for 24 h.

Electrophysiology

Membrane ionic currents in cultured VSMCs
were recorded with the whole-cell patch-clamp tech-
nique as previously described (25).  VSMCs attached
to bottom of the cell chamber mounted on an inverted
microscope were perfused with Tyrode solution with
the following composition (mM): 136 NaCl, 5.4 KCl,
1.0 MgCl2, 1.8 CaCl2, 0.33 NaH2PO4, 10 glucose, and
10 HEPES with pH adjusted to 7.4 with NaOH.  Boro-
silicate glass electrodes (1.2-mm outer diameter) were
pulled with a Brown-Flaming puller (Model P-97;
Sutter Instrument Co., Novato, CA, USA), and had tip
resistances of 2-4 MΩ when filled with pipette solution
containing (mM): 120 KCl, 10 NaCl, 0.15 CaCl2, 1.0
MgCl2, 0.2 EGTA, and 10 HEPES with pH adjusted to
7.2 with KOH.  The tip potentials were compensated
before the pipette touched the cell.  After a gigaohm
seal was obtained by negative suction, the cell mem-
brane was ruptured by gentle suction to establish
whole-cell configuration.  Membrane currents were
recorded with an Axopatch 200B amplifier (Axon
Instruments, Union City, CA, USA), filtered at 5 kHz
using a low-pass Bessel filter and stored on the hard
disk of an IBM-compatible computer for subsequent
analysis with Clampfit 9.0.

All electrical recordings were performed at room
temperature (21-22°C).

Reverse Transcriptase-Polymerase Chain Reaction

Reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed with the procedure de-
scribed previously (13).  Briefly, total RNA of VSMCs
was isolated by using the TRIzol method (Invitrogen),
and then treated with DNase I (Invitrogen).  Reverse
transcription (RT) was performed with a RT system
(Fermentas, St. Leon-Rot, Germany) protocol in a
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20-µl reaction mixture using oligo (dT)18 primers.
The cDNA reaction product was used for polymerase
chain reaction (PCR).  Specific primers were designed
with Primer Premier 5 software (Premier Biosoft
International, Pola Alto, CA, USA) and synthesized
by Pioneer Biotech (Pioneer Biotech Ltd., Xi’an,
Shaanxi, PRC).  The primers of KCa3.1 channels
(accession no. NM_023021) were: forward primer,
5’-CACGCTGATGTTGTGGTT-3’; reverse primer,
5’-CGATGCTGCGGTAAGACG-3’.  The primers of
the GAPDH (accession no. NM_017008) were:
forward primer, 5’-GTGCTGAGTATGTCGTGGAG-
3’; reverse primer, 5’-GTCTTCTGAGTGGCAGT
GAT-3’.  PCR was performed with 2 × Taq PCR
MasterMix (Pioneer Biotech Ltd., Xi’an, Shaanxi,
PRC).  The cDNA at 3 µl aliquots was amplified by a
DNA thermal cycler in 25 µl of reaction mixture
under the following conditions: the mixture was
denatured at 95°C (30 s), annealed at 55°C (30 s), and
extended at 72°C (1 min) for 35 cycles.  This was
followed by a final extension at 72°C (10 min) to
ensure complete product extension.  The PCR products
were electrophoresed through a 1% agarose gel, and
the amplified cDNA bands were imaged by the Chemi-
Genius Bio Imaging System (Syngene, Cambridge,
UK).  When the cDNA was replaced by the RNA
sample, no significant bands were detected.

Western Blot Analysis

VSMCs incubated with diabetic rat serum or non-
diabetic rat serum for 24 h were lysed with ice-cold
modified RIPA buffer (60 mM Tris-HCl, 0.25% SDS,
1 mM sodium fluoride, 1 mM sodium orthovanadate,
10 µg/ml aprotinin and leupeptin).  The lysates were
then centrifuged at 12,000 ×g for 5 min at 4°C.  After
transferring the supernatant to a fresh ice-cold tube,
the protein concentration was determined with a pro-
tein assay kit (Bio-Rad, Hercules, CA, USA).  Equal
concentrations of proteins were mixed with SDS sample
buffer and denatured at 100°C for 5 min.  The samples
were separated on an SDS-10% polyacrylamide gel,
then transferred to a PVDF membrane at 50 mA for
1.5 h in a transfer buffer containing 20 mM Tris, 150
mM glycine and 20% methanol.  The membranes were
blocked with 5% non-fat dried milk in TBST (0.1%
Tween-20) for 1 h.  After being blocked, the blots were
incubated in a primary antibody for KCa3.1 (1:200)
(Alomone Labs Ltd., Jerusalem, Israel) at 4°C over-
night, and then incubated with HRP-conjugated
secondary antibodies (1:1000) for 1 h at room tem-
perature.  The bound antibodies were detected with an
enhanced chemiluminescence detection system (ECL,
Amersham, Piscataway, NJ, USA), and quantified
by densitometry, using a Chemi-Genius Bio Imaging
System (Syngene).  To ensure equal sample loading,

the ratio of band intensity to GAPDH was obtained to
quantify the relative protein expression levels.

Cell Migration Assay

The migration of VSMCs was determined by
wound healing assay and modified Boyden Chamber
technique.  Confluent cultures of VSMCs in 6-well
plates were wounded with a sterile 200 µl plastic
pipette tip as described previously (10).  The starting
point was marked with a marker pen at the bottom of
the plate.  After incubation with a KCa3.1 channels
blocker for 30 min followed by incubation in DMEM
containing 2% diabetic or normal rat serum for 24 h,
the defined area of the wound was photographed
under a phase contrast microscope (Olympus, Tokyo,
Japan) and the migrated cells were counted.  In Boyden
Chamber assay, a 24-well Transwell apparatus with
each well containing a 6.5-mm polycarbonate mem-
brane with 8-µm pores was used.  Serum-starved
VSMCs were trypsin-harvested.  Cell suspension in
basal medium (250 µl, 1 × 105 cell/well) seeded in the
upper chamber; 750 µl of basal medium with 2% dia-
betic or normal rat serum was added to the lower
chamber and incubation was performed for 24 h.  The
cells were labeled by hematoxylin and the migrated
cells were quantified after the plating surface cells
were removed.  Each treatment was repeated in four
independent transwells.

Cell Proliferation Assay

Cell proliferation was determined by the MTT
assay and cell counting as previously described (25).
Briefly, rat VSMCs were plated in 96-well plates at a
density of 1 × 104 cells per well in 200 µl DMEM con-
taining 10% FBS.  TRAM-34 was used to pretreat the
cells for 30 min before 5% diabetic rat serum was
added.  Following 24 h culture, 20 µl PBS-buffered
MTT (5 mg/ml) was added to each well and the cells
were maintained at 37°C for an additional 4 h.  The
medium was then removed and 100 µl/well DMSO
was added to each well to dissolve the purple formazan
crystals, and the absorbance at 490 nm was measured.
Results were standardized by using the control group
values.  In cell counting experiment, cells stimulated
for 48 h were detached with trypsin-EDTA (0.05%)
and counted by using a standard hemocytometer in a
blinded manner.  Cell viability was established by
trypan blue exclusion.

Statistical Analysis

Results are presented as means ± SEM.  Paired and/
or unpaired Student’s t-tests were used as appropriate
to evaluate the statistical significance of differences
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Fig. 1. KCa3.1 channels currents in rat VSMCs.  A: Membrane currents recorded in a normal VSMC with the protocol as shown in
the inset display the property of weak inward rectification at positive potentials.  The current is sensitive to inhibition by the
specific KCa3.1 blocker TRAM-34 at 100 nM.  The arrow indicates zero current level.  B: Membrane currents recorded in a
representative cell treated with diabetic rat serum before and after TRAM-34 application.  C: I-V relationships of membrane
currents in cells with non-diabetic and diabetic serum treatment (n = 5, *P < 0.05, **P < 0.01 vs. non-diabetic serum).
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Fig. 2. KCa3.1 channels expression in rat VSMCs.  A: Gel image of KCa3.1 channels mRNA in rat VSMCs treated without or with
diabetic serum.  B: Semi-quantitative analysis of KCa3.1 channels mRNA levels in cultured VSMCs treated without or with
diabetic serum (n = 6, **P < 0.01 vs. non-diabetic serum) by RT-PCR.  C: Representative western blot images of KCa3.1 channels
and GAPDH protein in rat VSMCs treated without or with diabetic serum.  D: Quantitative analysis of KCa3.1 channels pro-
tein in rat VSMCs treated without or with diabetic serum (n = 6, **P < 0.01 vs. non-diabetic serum).
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between two group means and analysis of variance
(ANOVA) was performed for multiple groups.  A value
of P < 0.05 was considered statistically significant.

Results

KCa3.1 Current in Cultured VSMCs

The membrane currents recorded in a represen-
tative VSMC with 150-ms voltage steps to between
–90 and +40 mV from a holding potential of –70 mV
(inset) were displayed in Fig. 1A.  The current showed
a weak inward rectification at positive potentials and
was sensitive to inhibition by the KCa3.1 channels
blocker TRAM-34 (100 nM); this indicates that the
current predominantly present in the cultured rat
VSMCs treated with non-diabetic serum is carried by

KCa3.1 channels.  Interestingly, diabetic rat serum
significantly enhanced KCa3.1 and co-application of
diabetic serum and 100 nM TRAM-34 dramatically
reversed the KCa3.1 (Fig. 1B).  Current-voltage (I-V)
relationships of membrane currents showed a weak
inward rectification in control cells at +10 mV to +40
mV.  The current density was greater in cells treated
with diabetic serum (Fig. 1C).  The results indicate
that KCa3.1 channels are upregulated by diabetic
serum in cultured rat VSMCs.

Diabetic Serum Regulates KCa3.1 Channels Expression
in VSMCs

The expression levels of KCa3.1 channels mRNA
and protein in cultured rat VSMCs with or without
treatment of diabetic serum are shown in Fig. 2.  Dia-

Fig. 3. Effects of diabetic serum and KCa3.1 channels on VSMCs migration.  A: Wound healing migration assay of VSMCs.  Con-
fluent VSMCs were scraped of with a pipette tip to induce acellular areas then treated with non-diabetic or diabetic rat serum.
Photos were taken after 24 h (upper panel).  Black lines indicate the initial acellular wound regions.  B: Mean values for the number
of migrated VSMCs counted in areas as marked in A (n = 6, **P < 0.01 vs. non-diabetic serum, ##P < 0.01 vs. diabetic serum
alone).  C: Migration measured by the Boyden Chamber technique and  expressed as percentage of migrated cells in the cells
treated with non-diabetic serum and diabetic serum (n = 6, **P < 0.01 vs. non-diabetic serum, ##P < 0.01 vs. diabetic serum alone).
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betic serum significantly increased KCa3.1 channels
mRNA and protein expression levels (Fig. 2, A and
C); the mean values of KCa3.1 channels mRNA and
protein levels are illustrated in Fig. 2B and D.  Diabetic
serum significantly increased KCa3.1 channels mRNA
and protein levels (P < 0.01 vs. control).  These re-
sults indicate that diabetic serum upregulates KCa3.1
gene and protein expression.

Role of Diabetic Serum and KCa3.1 Channels in
Migration of Rat VSMCs

To investigate whether upregulation of KCa3.1
channels by diabetic serum in VSMCs mediates cell
activity, the effects of diabetic serum on cell migra-
tion were determined in cultured rat VSMCs.  We first
used a wound-healing assay to investigate the role
of diabetic serum and KCa3.1 channels blocker in cell
migration (Fig. 3, A and B).  Cells in culture were
scraped off with a pipette tip and a wide acellular area
was produced.  VSMCs migrated into this area were
counted and expressed as the number of migrated cells.
Diabetic serum significantly increased cell migration
(n = 6, P < 0.01) and the effect was antagonized by
TRAM-34.

We then confirmed the effects of KCa3.1 channels
on VSMC migration with the Boyden chamber
apparatus.  As shown in Fig. 3C, VSMC migration
was 154 ± 9.24% of the non-diabetic serum group
(n = 6, P < 0.01) in the cells treated with diabetic
serum, 108 ± 8.47% in the cells treated with the dia-
betic serum plus 100 nM TRAM-34 (n = 6, P < 0.01
vs. diabetic serum alone).  These findings indicate
that KCa3.1 channels play an important role in diabetic
VSMC migration.

Role of Diabetic Serum and KCa3.1 Channels in
Proliferation of Rat VSMCs

The effects of diabetic serum and KCa3.1 chan-
nels on VSMC proliferation were determined by cell
counting and MTT assay.  As shown in Fig. 4A, dia-
betic serum significantly increased cell number and
the effect was antagonized by 100 nM TRAM-34.
The cell proliferation determined with MTT assay
is shown in Fig. 4B.  Cell proliferation was 138.25 ±
17.28% of the non-diabetic serum group (n = 6, P <
0.01) in the cells treated with diabetic serum,
104.39 ± 18.49% in the cells treated with 100 nM
TRAM-34 (n = 6, P < 0.01 vs. diabetic serum alone).
These results suggest that KCa3.1 channels participate
in diabetic-mediated rat VSMC proliferation.

Discussion

Diabetes mellitus is a complex disease com-

prising a series of metabolic disturbances with hyper-
glycaemia, hyperinsulinemia and an increase in
circulating AGEs, which are associated with vascular
complications of diabetes such as nephropathy, re-
tinopathy and the development of atherosclerosis
(2, 16, 30).  VSMCs may play an influential role in
the progression of diabetic macroangiopathy.  In
atherosclerosis, VSMCs may be activated in response
to metabolic factors to migrate from the media to
intima of the aorta and proliferate.  Hyperglcemia
exerts direct effects toward the progression of
atherosclerosis (3).  The accelerated atherosclerosis
in diabetes is most likely to increase the nonenzy-
matic glycation of protein and lipids, with the forma-
tion of reactive AGEs.  AGEs can cause mechanical
dysfunction in the vessel wall macromoleculars by
cross-bridging.  AGE accumulation causes circulat-
ing blood cells to adhere to vessel wall.  AGEs also
disturb cellular functions by binding to a variety of
receptors that have been identified on various cell

Fig. 4. Effects of diabetic serum and KCa3.1 channels on VSMC
proliferation.  A: Cell counting shows that diabetic serum
increased VSMC number, the effect was countered by
100 nM TRAM-34 (n = 6, **P < 0.01 vs. non-diabetic
serum, ##P < 0.01 vs. diabetic serum alone).  B: Cell pro-
liferation determined by MTT (n = 6, **P < 0.01 vs. non-
diabetic serum, ##P < 0.01 vs. diabetic serum alone).
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types, including macrophages, endothelial cells,
smooth muscle cells and renal and neuronal cells (6,
9, 17, 20, 34).  Hyperinsulinemia and insulin resis-
tance are characteristics of type-2 diabetes mellitus.
Clinical researches have indicated that hyperin-
sulinemia is a predictor of cardiovascular disease (18,
21).  Recently, studies have shown that insulin ex-
ceeding physiological concentrations can accelerate
VSMC proliferation and phenotypic transition in
vitro, which suggests that insulin plays a role in
diabetic atherosclerosis (14, 15, 18).  The synergism
of metabolic factors is an important issue.  Until now,
few studies have focused on the synergistic effects of
these factors on diabetic macrovascular complica-
tions.  In the present study, the rat model of type-2
diabetes was characterized with hyperinsulinemia,
hyperglycemia and increased glycosylated hemo-
globin.  Thus, our study indicated the synergistic ef-
fect of these factors on VSMCs using diabetic serum.

There is growing evidence that several ion chan-
nels are of importance in the control of cell prolifera-
tion, in particular, KCa3.1 channels have been shown
to regulate cell cycle progression and mitogenesis
in vitro (7, 22).  KCa3.1 channels are the predominant
Ca2+-activated K+ channels that regulate membrane
potential in proliferative smooth muscle cells.  It
seems to participate in cell proliferation by increasing
the ability of cell to hyperpolarization and thereby to
promote Ca2+ influx, and, thus, sustain a high intra-
cellular Ca2+ concentration required for gene tran-
scription, as has been reported in lymphocytes and
fibroblasts (8, 19).  Upregulation of KCa3.1 channels
has been shown to promote excessive VSMC prolif-
eration and migration induced by either mitogens
(PDGF and EGF) or balloon catheter injury (12, 23,
27).  KCa3.1 has been characterized in numerous cell
types which contribute to the development of athero-
sclerosis, such as T-cells, B-cells, endothelial cells,
fibroblasts, macrophages and dedifferentiated smooth
muscle cells.  KCa3.1 is expressed in all of these cell
types, and furthermore, has been demonstrated to
play a role in the proliferation of T-cells, B-cells,
fibroblasts and VSMCs, as well as in the migration
of VSMCs and macrophages and in platelet coagu-
lation (5, 29).  Studies have indicated that blockade
of KCa3.1, by specific blockers, such as TRAM-34,
could prove to be an effective treatment for vascular
disease by inhibiting T-cell activation as well as pre-
venting proliferation and migration of macrophages,
endothelial cells and SMCs (26).  This vascular pro-
tective potential of KCa3.1 inhibition has been con-
firmed in both rodent and swine models of restenosis
(27, 28).  We have recently found that insulin in-
creases the expression of KCa3.1 channels by en-
hancing ERK1/2 phosphorylation and, therefore,
promoting migration and proliferation of VSMCs,

which very likely play at least a partial role in the
development of vasculopathy in type-2 diabetes (24).
These data demonstrate that KCa3.1 upregulation is
necessary for SMC dedifferentiation, proliferation
and migration, contributing to arterial lesion de-
velopment in diabetes.

In the present study, using the approaches of
molecular biology and electrophysiology, we demon-
strated that diabetic rat serum augmented KCa3.1
channels mRNA and protein expression and increased
current density.  In addiction, we found that diabetic
serum enhanced migration and proliferation of rat
VSMCs, and the effects were antagonized by the
selective KCa3.1 channels blocker TRAM-34.  The
new findings provide a direct link between diabetic
rat serum and KCa3.1 channels in the regulation of
VSMC migration and proliferation.  The limitation of
the study was that we did not explore the underlying
signal transduction mechanism leading to upregulation
of this channels in VSMCs.  Upregulation of KCa3.1
has been demonstrated to be an early and necessary
step in smooth muscle cell phenotypic modulation,
proliferation and migration all of which exert impact
on the onset and development of numerous vascular
proliferative diseases, such as atherosclerotic and
post-angioplasty restenotic lesions.  In diabetic, abnor-
mal metabolic factors are associated with macrovas-
cular complications such as stroke, atherosclerosis,
cardiovascular disease and peripheral arterial disease.
Therefore, blockade of KCa3.1 represents a potential
treatment for reducing the progression of diabetic
atherosclerosis.

Acknowledgments

This project was supported by the Natural
Science Basic Research Plan in Shaanxi Province
of PRC (Program No. 2010JM4034).

References

  1. Allen, L.B., Capps, B.E., Miller, E.C., Clemmons, D.R. and Maile,
L.A.  Glucose-oxidized low-density lipoproteins enhance insulin-
like growth factor I-stimulated smooth muscle cell proliferation by
inhibiting integrin-associated protein cleavage.  Endocrinology
150: 1321-1329, 2009.

  2. Bakris, G.L.  Recognition, pathogenesis, and treatment of different
stages of nephropathy in patients with type 2 diabetes mellitus.
Mayo. Clin. Proc. 86: 444-456, 2011.

  3. Bornfeldt, K.E. and Tabas, I.  Insulin resistance, hyperglycemia,
and atherosclerosis.  Cell Metab. 14: 575-585, 2011.

  4. Cersosimo, E., Xu, X. and Musi, N.  Potential role of insulin
signaling on vascular smooth muscle cell migration, proliferation,
and inflammation pathways.  Am. J. Physiol. – Cell Physiol. 302:
C652-C657, 2012.

  5. Cruse, G., Singh, S.R., Duffy, S.M., Doe, C., Saunders, R., Brightling,
C.E. and Bradding, P.  Functional KCa3.1 K+ channels are required
for human fibrocyte migration.  J. Allergy Clin. Immunol. 128:
1303-1309, 2011.



162 Su, Zhang, Yu, Wang and Zhu

  6. Dalal, M., Semba, R.D., Sun, K., Crasto, C., Varadhan, R., Bandinelli,
S., Fink, J.C., Guralnik, J.M. and Ferrucci, L.  Endogenous secre-
tory receptor for advanced glycation end products and chronic
kidney disease in the elderly population.  Am. J. Nephrol. 33: 313-
318, 2011.

  7. Deng, X.L., Lau, C.P., Lai, K., Cheung, K.F., Lau, G.K. and Li,
G.R.  Cell cycle-dependent expression of potassium channels and
cell proliferation in rat mesenchymal stem cells from bone marrow.
Cell Prolif. 40: 656-670, 2007.

  8. Ghanshani, S., Wulff, H., Miller, M.J., Rohm, H., Neben, A.J.,
Gutman, G.A., Cahalan, M.D. and Chandy, K.G.  Up-regulation of
the IKCa1 potassium channel during T-cell activation.  Molecular
mechanism and functional consequences.  J. Biol. Chem. 275:
37137- 37149, 2000.

  9. Hayakawa, E., Yoshimoto, T., Sekizawa, N., Sugiyama, T. and
Hirata, Y.  Overexpression of receptor for advanced glycation
end products induces monocyte chemoattractant protein-1 ex-
pression in rat vascular smooth muscle cell line.  J. Atheroscler.
Thromb. 19: 13-22, 2012.

10. Kanno, Y., Kuroki, A., Minamida, M., Kaneiwa, A., Okada, K.,
Tomogane, K., Takeuchi, K., Ueshima, S., Matsuo, O. and Matsuno,
H.  The absence of uPAR attenuates insulin-induced vascular
smooth muscle cell migration and proliferation.  Thromb. Res. 123:
336-341, 2008.

11. Kingsley, K., Huff, J.L., Rust, W.L., Carroll, K., Martinez, A.M.,
Fitchmun, M. and Plopper, G.E.  ERK1/2 mediates PDGF-BB
stimulated vascular smooth muscle cell proliferation and migra-
tion on laminin-5.  Biochem. Biophys. Res. Commun. 293: 1000-
1006, 2002.

12. Kohler, R., Wulff, H., Eichler, I., Kneifel, M., Neumann, D., Knorr,
A., Grgic, I., Kampfe, D., Si, H., Wibawa, J., Real, R., Borner, K.,
Brakemeier, S., Orzechowski, H.D., Reusch, H.P., Paul, M., Chandy,
K.G. and Hoyer, J.  Blockade of the intermediate-conductance
calcium-activated potassium channel as a new therapeutic strategy
for restenosis.  Circulation 108: 1119-1125, 2003.

13. Li, G.R., Deng, X.L., Sun, H., Chung, S.S.M., Tse, H.F. and Lau,
C.P.  Ion channels in mesenchymal stem cells from rat bone marrow.
Stem Cells 24: 1519-1528, 2006.

14. Lorenzo, C. and Haffner, S.M.  Performance characteristics of the
new definition of diabetes: the insulin resistance atherosclerosis
study.  Diabetes Care 33: 335-337, 2010.

15. Lorenzo, C., Wagenknecht, L.E., Rewers, M.J., Karter, A.J.,
Bergman, R.N., Hanley, A.J.G. and Haffner, S.M.  Disposition
index, glucose effectiveness, and conversion to type 2 diabetes: the
Insulin Resistance Atherosclerosis Study (IRAS).  Diabetes Care
33: 2098-2103, 2010.

16. Major, A.S. and Harrison, D.G.  What fans the fire: insights into
mechanisms of inflammation in atherosclerosis and diabetes mel-
litus.  Circulation 124: 2809-2811, 2011.

17. Mangalmurti, N.S., Chatterjee, S., Cheng, G., Andersen, E.,
Mohammed, A., Siegel, D.L., Schmidt, A.M., Albelda, S.M. and
Lee, J.S.  Advanced glycation end products on stored red blood
cells increase endothelial reactive oxygen species generation
through interaction with receptor for advanced glycation end
products.  Transfusion 50: 2353-2361, 2010.

18. Pansuria, M., Xi, H., Li, L., Yang, X.F. and Wang, H.  Insulin
resistance, metabolic stress, and atherosclerosis.  Front. Biosci.
(Schol. Ed). 4: 916-931, 2012.

19. Pena, T.L., Chen, S.H., Konieczny, S.F. and Rane, S.G.J.  Ras/
MEK/ERK up-regulation of the fibroblast KCa channel FIK is a
common mechanism for basic fibroblast growth factor and trans-
forming growth factor-β suppression of myogenesis.  J. Biol. Chem.
275: 13677-13682, 2000.

20. Pichiule, P., Chavez, J.C., Schmidt, A.M. and Vannucci, S.J.
Hypoxia-inducible factor-1 mediates neuronal expression of the
receptor for advanced glycation end products following hypoxia/
ischemia.  J. Biol. Chem. 282: 36330-36340, 2007.

21. Resl, M. and Clodi, M.  Diabetes and cardiovascular complica-
tions.  Wien. Med. Wochenschr. 160: 3-7, 2010

22. Shepherd, M.C., Duffy, S.M., Harris, T., Cruse, G., Schuliga, M.,
Brightling, C.E., Neylon, C.B., Bradding, P. and Stewart, A.G.
KCa3.1 Ca2+ activated K+ channels regulate human airway smooth
muscle proliferation.  Am. J. Respir. – Cell Mol. Biol. 37: 525-531,
2007.

23. Si, H., Grgic, I., Heyken, W.T., Maier, T., Hoyer, J., Reusch, H.P.
and Kohler, R.  Mitogenic muscle cells modulation of Ca2+-
activated K+ channels in proliferating A7r5 vascular smooth.  Brit.
J. Pharmacol. 148: 909- 917, 2006.

24. Su, X.L., Wang, Y., Zhang, W., Zhao, L.M., Li, G.R. and Deng,
X.L.  Insulin-mediated upregulation of KCa3.1 channels promotes
cell migration and proliferation in rat vascular smooth muscle.  J.
Mol. Cell. Cardiol. 51: 51-57, 2011.

25. Tao, R., Lau, C.P., Tse, H.F. and Li, G.R.  Regulation of
cell proliferation by intermediateconductance Ca2+-activated
potassium and volume-sensitive chloride channels in mouse
mesenchymal stem cells.  Am. J. Physiol. – Cell Physiol. 295:
C1409-C1416, 2008.

26. Tharp, D.L. and Bowles, D.K.  The intermediate-conductance Ca2+

-activated K+ channel (KCa3.1) in vascular disease.  Cardiovasc.
Hematol. Agents Med. Chem. 7: 1-11, 2009.

27. Tharp, D.L., Wamhoff, B.R., Turk, J.R. and Bowles, D.K.  Upregu-
lation of intermediate-conductance Ca2+-activated K+ channel
(IKCa1) mediates phenotypic modulation.  Am. J. Physiol. – Heart
Circ. Physiol. 291: H2493-H2503, 2006.

28. Tharp, D.L., Wamhoff, B.R., Wulff, H., Raman, G., Cheong, A.,
and Bowles, D.K.  Local delivery of the KCa3.1 blocker, TRAM-34,
prevents acute angioplasty-induced coronary smooth muscle phe-
notypic modulation and limits stenosis.  Arterioscler. Thromb.
Vasc. Biol. 28: 1084-1089, 2008.

29. Toyama, K., Wulff, H., Chandy, K.G., Azam, P., Raman, G., Saito,
T., Fujiwara, Y., Mattson, D.L., Das, S., Melvin, J.E., Pratt, P.F.,
Hatoum, O.A., Gutterman, D.D., Harder, D.R. and Miura, H.  The
intermediate-conductance calcium-activated potassium channel
KCa3.1 contributes to atherogenesis in mice and humans.  J. Clin.
Invest. 118: 3025-3037, 2008.

30. Vashist, P., Singh, S., Gupta, N. and Saxena, R.  Role of early
screening for diabetic retinopathy in patients with diabetes mel-
litus: an overview.  Indian J. Community Med. 36: 247-252, 2011.

31. Wang, Y., Zhang, H.T., Su, X.L., Deng, X.L., Yuan, B.X., Zhang,
W., Wang, X.F. and Yang, Y.B.  Experimental diabetes mellitus
down-regulates large-conductance Ca2+-activated K+ channels in
cerebral artery smooth muscle and alters functional conductance.
Curr. Neurovas. Res. 7: 75-84, 2010.

32. Wulff, H. and Castle, N.A.  Therapeutic potential of KCa3.1 blockers:
recent advances and promising trends.  Expert. Rev. Clin. Pharmacol.
3: 385-396, 2010

33. Xu, Y., Feng, L., Wang, S., Zhu, Q., Zheng, Z., Xiang, P., He, B. and
Tang, D.  Calycosin protects HUVECs from advanced glycation
end products-induced macrophage infiltration.  J. Ethnopharmacol.
137: 359-370, 2011

34. Yuan, X., Zhang, Z., Gong, K., Zhao, P., Qin, J. and Liu, N.
Inhibition of reactive oxygen species/extracellular signal-regulated
kinases pathway by pioglitazone attenuates advanced glycation
end products-induced proliferation of vascular smooth muscle
cells in rats.  Biol. Pharm. Bull. 34: 618-623, 2011.


