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INTRODUCTION
The incidence of type 2 diabetes melli-

tus is increased significantly worldwide
and diabetes remains a great challenge
for health care because vascular compli-
cations, including microvascular and
macrovascular diseases, occur frequently
(1). To prevent or delay the vascular
complications caused by diabetes melli-
tus, a better understanding of the mecha-

nisms inducing vascular complications is
important to provide novel therapeutic
approaches.

MicroRNA (miR) is a newly identified
class of small (around 20 to 25 nu-
cleotides) noncoding RNA emerging as
crucial players in the pathogenesis of 
hyperglycemia-induced vascular damage
(2,3). Several studies have demonstrated
a high expression of miR-145 in vascular

walls and the critical role of miR-145 in
vascular smooth muscle cell (VSMC)
phenotype switching (4,5). The miR-145
gene may lie downstream of the serum
response factor and/or myocardin in the
developmental program regulating
VSMC differentiation (6). Xin et al. have
demonstrated that both the serum re-
sponse factor and myocardin upregulate
the expression of miR-145 in VSMCs (7).
miR-145 promotes VSMC differentiation
in part by increasing myocardin expres-
sion and functioning in feed-forward re-
inforcement of its own expression by the
serum response factor–myocardin com-
plex (8). Further, miR-145 represses
Kruppel-like factor 4 (Klf4), which was
shown to be involved in multiple events
including neointimal proliferation. Klf4
plays a key role in regulating the VSMC
phenotype because it facilitates VSMC
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migration and downregulates VSMC dif-
ferentiation marker genes (9).

Boettger et al. have reported that miR-
143/145 knockout mice exhibited re-
duced systolic blood pressure in re-
sponse to angiotensin II (Ang II)
stimulation (4). Ang II seems to be in-
volved in the pathogenesis of insulin re-
sistance. Insulin resistance occurs in a
wide variety of pathological states and is
commonly associated with obesity, type
2 diabetes, accelerated atherosclerosis
and hypertension (10).The effect of Ang
II on miR-145 expression under a hyper-
glycemic state is yet to be determined.

The concept of VSMCs in the patho-
physiology of progressive proathero-
genic process in the hyperglycemic con-
dition has been proposed and no data
have been presented to verify the effect
of hyperglycemic condition on the regu-
lation of miR-145 in VSMCs. Therefore,
we hypothesized that the hyperglycemic
condition activates a proinflammatory
response that mediates the expression of
miR-145 in VSMCs. We also sought to in-
vestigate whether miR-145 serves as a
critical regulator to regulate the down-
stream proliferation factor (such as Klf4
and myocardin) in VSMCs under hyper-
glycemic conditions.

MATERIALS AND METHODS

Primary Human Coronary Artery
Smooth Muscle Cell (HCASMC)
Culture

Human coronary artery smooth mus-
cle cells (HCASMCs) were a PromoCell
GmbH product. The cells were cultured
in smooth muscle cell growth medium
supplemented with 10% fetal bovine
serum, 100 U/mL penicillin and 
100 μg/mL streptomycin at 37°C in a hu-
midified atmosphere of 5% CO2 in air.
Cells were grown to 80% to 90% conflu-
ence in 100-mm culture dishes and were
subcultured in the ratio of 1:2 Ang II an-
tibody at 5 μg/mL (Santa Cruz Biotech-
nology Inc.) or Ang II receptor (Ang II-R)
antibody at 5 μg/mL was added 30 min
before high glucose stimulation to block
the effect of humoral factors.

Quantification of MicroRNAs
Total RNA from cultured cells or arterial

tissue was isolated using TRIzol Reagent
(Invitrogen Corporation) according to the
manufacturer’s instruction. TaqMan
 MicroRNA Assays were used to quantitate
miRs in all of our studies according to the
manufacturer’s instruction as described
previously (11). The expression levels of
target miRs were normalized to U6.

Construction and Delivery of miR-145
Expression Vector

A 88bp miR-145 precursor construct
was generated in the following manner.
Genomic DNA was amplified with for-
ward primer AGAGAACTCCAGCTG and
reverse primer GGCAACTGTGGGGTG.
The 199-bp amplified product was di-
gested with EcoRI and BamHI restriction
enzymes and ligated into pmR-ZsGreen1
plasmid vector (coexpression miR-145
and green fluorescent protein) (Clontech
Laboratories) digested with the same en-
zymes. Antagomir-145 and mutant-miR-
145 precursor construct was generated in
pmR-ZsGreen1 plasmid vector. The mu-
tant miR-145 precursor sequence was mu-
tated from GGGGG of the miR-145 pre-
cursor construct to CCCCC. The
constructed plasmid was transfected into
cells using a low pressure-accelerated
gene gun (Bioware Technologies) follow-
ing the protocol from the manufacturer. In
brief, 2 μg of plasmid DNA was sus-
pended in 20 μL of PBS and was delivered
to the cultured cells at a helium pressure
of 15 psi.

Western Blot Analysis
Western blot was performed as de-

scribed previously (12). Proteins of inter-
est were revealed with specific antibod-
ies, including Klf4 and myocardin, as
indicated (1:200 dilution) for 1 h at room
temperature followed by incubation
with a 1:5000 dilution of horseradish
peroxidase-conjugated polyclonal anti-
rabbit antibody for 1 h at room tempera-
ture. Equal protein loading of the sam-
ples was further verified by staining
mouse anti-tubulin monoclonal antibody
(Santa Cruz Biotechnology Inc.).

Real-Time Polymerase Chain Reaction
The real-time polymerase chain reac-

tion (PCR) was performed as described
previously (12). The primers used were
as follows: Klf4, 5′-ATGCAGGCTG
GGCAAAAC-3′ (forward) and 5′-CAGCC
GTCCCAGTCACAGT-3′ (reverse); 
myocardin, 5′-CAGCTGGCTAACCAA
GGCTT-3′ (forward) and 5′-TCAGA
GAGTCTTCAGTCTTGGCACTA-3′;
GAPDH, 5′-CATCACCATCTTCCA
GGAGC-3′ (forward) and 5′-GGATG
ATGTTCTGGGCTGCC-3′ (reverse).

Measurement of Ang II Concentration
Conditioned media from cells sub-

jected to treatment and those from con-
trol (nontreatment) cells were collected
for Ang II measurement. The level of Ang
II was measured by a quantitative sand-
wich enzyme immunoassay kit (Phoenix
Pharmaceuticals Inc.). The lower limit of
detection of Ang II was 0.07 ng/mL. Both
the intraobserver and interobserver coef-
ficient of variance were < 10%.

RNA Interference
Cultured HCASMCs were transfected

with 800 ng Klf4 and myocardin small
interfering RNA (siRNA) oligonucleotide
(Thermo Scientific). Klf4 and myocardin
siRNA is a target-specific 20- to 25-nt
siRNA designed to knock down Klf4 and
myocardin gene expression, respectively.
Klf4 siRNA sequences were CUGUG
GUAGUGGGCCCUA[dT][dT] ,(forward)
and UAGGGCGCCACUACCACAG
[dT][dT] (reverse), respectively. Myocardin
siRNA sequences were UGCAACUGCA
GAAGCAGAA[dT][dT] (forward) and
UUCUGCUUCUGCAGUUGCA[dT][dT]
(reverse), respectively. Angiotensin re-
ceptor type 1 (ATR1) siRNA sequences
were CACUCAAGCCUGUCUACGA
[dT][dT] (forward) and UCGUA
GACAGGCUUGAGUG[dT][dT] (re-
verse), respectively. HCASMC were
transfected with siRNA oligonucleotides
using Effectene Transfection Reagent as
suggested by the manufacturer (Qiagen
Inc.). The transfection efficiency of this
method when using fluorescent oligo
was 71%.
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Proliferation Assay
The proliferation of HCASMCs was de-

termined by Alamar blue assay (AbD)
(Serotec-BIORAD). Prior to the cell prolif-
eration assay, HCASMCs were seeded on
ViewPlate (Packard Instrument) at a den-
sity of 5 × 103 cells/well in serum-free
medium for 24 h. Then cells were seeded
in 96-well plates at a density of 5 × 103 in
200 μl of M199 medium supplemented
with 5% FBS at 37°C for 2 and 6 h with or
without hyperglycemia. In brief, Alamar-
Blue was added aseptically in an amount
equal to 10% of the volume in the well.
Plates were read at dual wavelength (570
and 595 nm) in an enzyme-linked im-
munosorbent assay (ELISA) plate reader
(BioTek) after required incubation.

Migration Assay
The migration activity of HCASMCs

was determined using the growth factor-
reduced Matrigel invasion system (BD
Biosciences), following the protocol pro-
vided by the manufacturer. Migration
assay was performed as described previ-
ously (13). 5 × 104 HCASMCs were
seeded on top of ECMatrix gel (Chemi-
con International Inc.) prepared as de-
scribed previously (14). Cells were then
incubated at 37°C for 18 h. Three differ-
ent phase-contrast microscopic high-
power fields per well were pho-
tographed. The migratory VSMCs with
positive stain were counted and the ob-
server was blind to the experiment.

Balloon Injury of Carotid Artery in
Diabetic Rats

Male Wistar rats (220 to 250 g), aged
15 wks, were injected with a single in-
traperitoneal injection of streptozotocin
(STZ) at 90 mg/kg (Sigma-Aldrich) to be-
come diabetic. Adult Wistar rats were
anesthetized with isoflurane (3%) and
subjected to balloon catheter injury of the
right carotid artery after confirming a
fully anaesthetized state as described pre-
viously (15). Briefly, a 2F Forgarty balloon
catheter (Biosensors International Inc.)
was inserted through the right external
carotid artery, inflated and passed three
times along the length of the isolated seg-

ment (1.5 to 2 cm in length), then the
catheter was removed. miR-145 expres-
sion vector (pmR-ZsGreen1) (Clontech)
was injected into the segment and electric
pulses using CUY21- EDIT Square Wave
Electroporator (Nepa Gene) were admin-
istered with five pulses and five opposite
polarity pulses at 250 V/cm, 50-ms dura-
tion, 75-ms interval using Parallel fixed
platinum electrode (CUY610P2–1, 1-mm
tip, 2-mm gap). The detailed experiment
and procedure of the animal study is de-
scribed in Supplementary Methods. Ani-
mal experiments were approved by the
Institutional Animal Care and Use Com-
mittee of Shin Kong Wu Ho-Su Memorial
Hospital and carried out in accordance
with the Guide for the Care and Use of Labo-
ratory Animals (16).

Statistical Analysis
All results were expressed as mean ±

SEM. Statistical significance was evalu-

ated with analysis of variance (ANOVA)
(GraphPad Software Inc.). Dunnett test
was used to compare multiple groups to
a single control group. Tukey–Kramer
comparison was used for pairwise com-
parisons between multiple groups after
the ANOVA. A value of P < 0.05 was con-
sidered to denote statistical significance.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Sustained High Glucose Decreases
miR-145 Expression in Vascular
Smooth Muscle Cells

To explore the effect of high glucose
concentration on miR-145 expression,
different concentrations of glucose were
added to the culture medium for 0.5 h.
As shown in Figure 1A, miR-145 was in-
creased significantly from 12.5 mmol/L

Figure 1. Effect of glucose level on miR-145 expression in cultured vascular smooth muscle
cells. (A) Treatment of different glucose level for 0.5 h. Mannitol did not affect the miR-145
expression. (B) Treatment of glucose level at 25 mmol/L for different periods of time. *P <
0.05 versus control. #P < 0.01 versus control. +P < 0.01 versus control. n = 4 per group.
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to 75 mmol/L, with 25 mmol/L high
glucose having the maximal effect.
Therefore, 25 mmol/L high glucose was
used for the following experiments. To
exclude the osmotic effect of high glu-
cose on miR-145 expression, three con-
centrations of mannitol were added.
Mannitol did not effect miR-145 expres-
sion. As shown in Figure 1B, 25 mmol/L
high glucose increased miR-145 expres-
sion maximally at 0.5 h and decreased
gradually and reached significantly less
than the control level after 4 to 6 h. High
glucose stimulation for 0.5 h significantly
increased reactive oxygen species pro-
duction as compared with control cells

(Supplementary Figure 1A). The addition
of N-acetylcysteine (NAC), a free radical
scavenger, at 500 μmol/L could reverse
the miR-145 expression induced by high
glucose and 2,2’-Dipyridyl–N, N-di-
methylsemicarbazone (Dp44mT), an iron
chelator to generate reactive oxygen
species (Supplementary Figure 1B).
These results indicate that hyperglyce-
mia via ROS regulates miR-145 expres-
sion at 0.5 h in HCASMC.

Angiotensin II Suppresses miR-145
Expression in Smooth Muscle Cells

To evaluate the effect of Ang II on
miR-145 expression in HCASMCs, Ang II

(Bachem) at 10 nmol/L was added to the
culture medium for 0.5 h to 6 h. As
shown in Figure 2A, Ang II significantly
inhibited miR-145 expression from 1 h to
6 h. Exogenous administration of tumor
necrosis factor-α (PeproTech Inc.) at 
1 ng/mL and interleukin-6 (R&D Sys-
tems Inc.) at 10 ng/mL did not affect the
miR-145 expression (Figure 2B). Addition
of angiotensin II receptor antagonist val-
sartan (Sigma-Aldrich) at 10 μmol/L sig-
nificantly increased miR-145 expression
in the high glucose state as compared
with high glucose stimulation for 4 h.
Addition of valsartan in cells not treated
with high glucose did not affect miR-145
expression. High glucose did not signifi-
cantly affect miR-145 expression after 
0.5 h in cells pretreated with Ang II. High
glucose stimulation also increased secre-
tion of Ang II from cultured HCASMCs
from 0.5 to 6 h (Figure 2C). The increased
expression of Ang II mRNA was con-
firmed by real time-PCR in HCASMCs
and in balloon-injured carotid artery in
diabetic and wild-type (WT) rats (Sup-
plementary Figure 2). These results indi-
cate that Ang II plays a crucial role in
miR-145 expression in HCASMCs under
high glucose stimulation. Recently, Ang
II has been shown to downregulate miR-
145 via extracellular signal-regulated 
kinase1/2 in VSMCs (17).

High Glucose Increases Klf4 and
Decreases Myocardin Expression in
Smooth Muscle Cells

Since Klf4 and myocardin are the target
genes of miR-145 (18,19), we sought to in-
vestigate the effect of high glucose on
Klf4 and myocardin expression in
HCASMCs. High glucose initially did not
have an effect on Klf4 expression as
shown in Figure 3A. However, Klf4
began to increase after 2 h of high glu-
cose stimulation and Klf4 significantly in-
creased messenger RNA and protein ex-
pression after 4 to 8 h (Figures 3A, C, D).
In contrast to the Klf4 expression, high
glucose significantly increased myocardin
messenger RNA and protein expression
for 0.5 to 1 h, followed by a gradual de-
crease after 2 to 8 h (Figures 3B–D).

Figure 2. Effect of angiotensin 2 (Ang II) on miR-145 expression in cultured vascular smooth
muscle cells. (A) Exogenous administration of Ang II at 10 nmol/L in usual culture medium
without extra glucose treatment for different periods of time. (B) Exogenous administration
of different cytokine proteins and valsartan for 4 h. #P < 0.01 versus control. +P < 0.05 versus
control. n = 4 per group. (C) Effect of high glucose on secretion of angiotensin II from cul-
tured vascular smooth muscle cells. Ang II was measured by immunosorbent assay. *P <
0.01 versus control. n = 3 per group.
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Angiotensin II Mediates Klf4 and
Myocardin Expression Induced by
High Glucose Stimulation

As shown in Figures 4A and B, high
glucose significantly increased Klf4 pro-
tein expression at 6 h and exogenous ad-
dition of valsartan and angiotensin re-
ceptor type1 (ATR1) siRNA significantly
inhibited the Klf4 protein expression in-
duced by high glucose. High glucose sig-
nificantly increased myocardin protein
expression at 2 h (Figures 4C, D) but did
not affect myocardin protein expression

at 6 h. Exogenous addition of valsartan
and ATR1 siRNA significantly increased
myocardin expression in the high glu-
cose state for 6 h. Exogenous addition of
scramble siRNA did not have an effect
on Klf4 and myocardin expression in-
duced by high glucose stimulation. Ex-
ogenous addition of Ang II at 10 nmol/L
in usual culture medium had a similar
effect on Klf4 and myocardin protein ex-
pression in high glucose stimulation
(Figure 4). Exogenous addition of an-
giotensin-converting enzyme inhibitor

enalaprilat dehydrate (Sigma-Aldrich) at
10 μmol/L before high glucose stimula-
tion also reversed Klf4 and myocardin
expression induced by high glucose stim-
ulation (Supplementary Figure 3). These
data indicate that Ang II mediates the
Klf4 and myocardin expression in a high
glucose state.

miR-145 Decreases Klf4 and Increases
Myocardin Protein Expression in High
Glucose State

To evaluate the relationship between
miR-145 and Klf4 and myocardin, WT
miR-145, antagomir-145 and a mutant
type of miR-145 were added to the cul-
tured cells. As shown in Figures 5A and B,
high glucose significantly increased Klf4
protein expression at 6 h and overexpres-
sion of WT miR-145 significantly attenu-
ated the Klf4 protein expression induced
by high glucose. The addition of an-
tagomir-145 and the overexpression of
mutant miR-145 did not affect the Klf4
protein expression under high glucose
stimulation. Overexpression of WT miR-
145 significantly increased myocardin
protein expression as compared with the
control group. (Figures 5C, D). The addi-
tion of antagomir-145 significantly inhib-
ited the myocardin protein expression in-
duced by high glucose stimulation. Klf4
siRNA significantly inhibited Klf4 protein
expression and significantly increased
myocardin protein expression, while my-
ocardin siRNA did not affect Klf4 protein
expression (Figure 5), indicating that Klf4
is upstream of myocardin and downregu-
lates myocardin expression. To investigate
whether Klf4 is a direct target of miR-145,
we performed a luciferase assay to mea-
sure Klf4 promoter activity. As shown in
Supplementary Figure 4, high glucose
stimulation for 4 h and Ang II alone for 4 h
without high glucose stimulation signifi-
cantly increased Klf4 promoter activity as
compared with control cells. Overexpres-
sion of miR-145, addition of valsartan and
enalaprilat significantly attenuated the
promoter activity induced by high glu-
cose. When the conserved site of miR-145
in the promoter area of Klf4 was mutated,
the increased promoter activity induced

Figure 3. Effect of high glucose level at 25 mmol/L on Klf4 and myocardin mRNA and pro-
tein expression in cultured vascular smooth muscle cells. Quantitative analysis of Klf4 (A)
and myocardin (B) mRNA levels. The values from VSMCs under high glucose treatment
have been normalized to matched GAPDH measurement and then expressed as a ratio
of normalized values to mRNA in control group. *P < 0.05 versus control. #P < 0.01 versus
control. +P < 0.01 versus control. (n = 4 per group. (C) Representative Western blots for Klf4
and myocardin in VSMCs after high glucose at 25 mmol/L for various periods of time. (D)
Quantitative analysis of Kfl4 and myocardin protein levels. The values from VSMCs after
high glucose treatment have been normalized to matched α-tubulin measurement and
then expressed as a ratio of normalized values to protein in control group. *P < 0.05 versus
control. #P < 0.01 versus control. +P < 0.01 versus control. n = 4 per group.
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by high glucose and Ang II was abol-
ished. Luciferase assay also showed that
miR-145 is able to bind Klf4 and my-
ocardin 3′-UTR and induced the opposite
expression as shown in Supplementary
Figure 5. High glucose stimulation for
0.5 h decreased Klf4–3′ UTR  luciferase ac-
tivity and increased  myocardin–3′ UTR lu-

ciferase activity. Sustained high glucose
stimulation for 4 h reversed the luciferase
activity of Klf4 3′ UTR and myocardin 3′
UTR. Overexpression of miR-145 under
high glucose stimulation attenuated
Klf4–3′ UTR luciferase activity and in-
creased myocardin–3′ UTR luciferase ac-
tivity at 4 h.

miR-145 Inhibits HCASMCs
Proliferation and Migration Induced
by High Glucose

High glucose at 25 mmol/L and Ang II
significantly increased HCASMCs prolif-
eration and migration at 6 h as compared
with the control group (Figure 6). Over-
expression of WT miR-145 and the addi-
tion of Klf4 siRNA and valsartan reversed
the proliferation and migration induced
by high glucose stimulation for 6 h. Over-
expression of mutant miR-145 and the
addition of antagomir-145 and scramble
siRNA did not decrease the proliferation
and migration induced by high glucose.
The migration of HCASMCs in my-
ocardin silenced cell by myocardin
siRNA did not change in high glucose
stimulation. High glucose significantly
decreased smooth muscle (SM)-specific
contractile protein expression (SM-α
actin) and increased synthetic protein
(nonmuscle myosin heavy chain-B) ex-
pression. Overexpression of miR-145 re-
versed the effect of high glucose on these
protein expressions (Supplementary Fig-
ure 6). Klf 5 plays an essential role in
VSMC phenotype and vascular neointi-
mal lesion formation (20). High glucose
significantly increased Klf5 protein ex-
pression and the overexpression of miR-
145 significantly attenuated the increase
of Klf5 induced by high glucose. Knock-
down of Klf5 by Klf5 siRNA reversed the
effect of high glucose on VSMC pheno-
type (Supplementary Figure 6).

Balloon Injury Induces miR-145
Expression

The blood sugar in the streptozotocin-
induced diabetic rat at 2 wks was 196 ± 
9 mg/dl and 67 ± 16 mg/dl in the WT
Wistar rat. As shown in Supplementary
Figure 7, miR-145 expression in arterial
tissue began to increase at 3 d, reached a
maximal level at 7 d and maintained ele-
vation up to 28 d after balloon injury of
carotid artery in diabetic and WT rats.
The miR-145 expression in the arterial
tissue was significantly higher in the dia-
betic group than it was in the WT group
from 3 d to 14 d. Klf4 protein expression
was increased significantly after carotid

Figure 4. Angiotensin II mediates the increase of Klf4 and myocardin protein expression by
high glucose in vascular smooth muscle cells. (A and C) Representative Western blots for
Klf4 and myocardin protein levels in VSMCs subjected to high glucose stimulation for 6 h in
the absence or presence of valsartan, angiotensin II receptor (ATR1) siRNA or angiotensin
II (Ang II). (B and D) Quantitative analysis of Klf4 and myocardin protein levels. The values
from stimulated VSMCs have been normalized to values in control cells. #P < 0.01 versus
control. +P < 0.01 versus 6 h. §P < 0.01 versus 6 h. n = 4 per group.
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artery balloon injury from 3 d to 28 d
(Supplementary Figure 8). Myocardin
protein expression also was increased
significantly after balloon injury from 3
to 28 d, but the myocardin expression
was maximal at 7 d and declined gradu-
ally up to 28 d after injury.

miR-145 Decreases Klf4 and Increases
Myocardin Protein Expression in
Arterial Tissue after Carotid Artery
Balloon Injury

Treatment with WT miR-145 and val-
sartan significantly decreased the Klf4
protein expression and increased my-

ocardin protein expression after balloon
injury as compared with diabetes rats
without balloon injury (Supplementary
Figure 9). The Klf4 protein expression was
significantly higher and myocardin pro-
tein expression was significantly lower in
the antagomir-145 treatment group than
in the WT miR-145 treatment group after
balloon injury. Balloon injury increased
the intimal area and decreased the lumen
size of the carotid artery, while treatment
with WT miR-145 and valsartan de-
creased the intimal area and increased the
lumen size. Treatment with antagoir-145
and mutant type miR-145 did not change
either the intimal area and or the lumen
size as compared with balloon injury at 
14 d (Supplementary Figure 10). Masson
staining was used to assess the extent of
vascular neointimal lesion formation in
balloon-injured rat carotid arteries (Sup-
plementary Figure 11).

DISCUSSION
A miR is a small, 20- to 25-nucleotide

non-protein-coding RNA that usually in-
hibits transcription or translation by in-
teracting with the 3′ untranslated regions
of target mRNA and promoting target
mRNA degradation (gene silencing) (21).
Many miRs have been investigated in di-
abetic complications (20). However, rare
miR was studied in diabetic vascular re-
modeling (2,22). miR-21 and miR143/145
have been shown to be associated with
vascular remodeling (23). miR-143/145
also affected the angiotensin signaling
and therefore affected blood pressure (4).
Several miRs, including miR-21, miR-221,
miR-222, miR-143 and miR-145 play a
role in VSMC differentiation. miR-145 is
the most abundant miR in VSMCs (6,24).
Transition of cell type in VSMCs plays an
important role in the pathogenesis of dia-
betic vasculopathy (25). Recently, miR-
145 has been shown to restore contractile
vascular muscle phenotype and coronary
collateral growth in rats with metabolic
syndrome (26). However, the effect of hy-
perglycemia on the regulation of miR-145
expression is currently unknown. In the
present study, we found that high glu-
cose significantly increased miR-145 ex-

Figure 5. Effect of miR-145 on Klf4 and myocardin protein expression under high glucose
stimulation in cultured VSMCs. (A) Representative Western blots for Klf4 protein levels in
VSMCs subjected to high glucose stimulation for 6 h in the absence or presence of WT
miR-145, antagomir-145, mutant miR-145 and Klf4 and myocardin siRNA. (B) Quantitative
analysis of Klf4 protein levels. The values from stimulated VSMCs have been normalized
to values in control cells. #P < 0.01 versus control. n = 4 per group. (C) Representative
Western blots for myocardin protein levels in VSMCs subjected to high glucose stimula-
tion for 6 h in the absence or presence of WT miR-145, mutant miR-145, antogomir-145,
scramble and Klf4 siRNA. (D) Quantitative analysis of myocardin protein levels. The val-
ues from stimulated VSMCs have been normalized to values in control cells. #P < 0.01
versus control. *P < 0.05 versus control. n = 4 per group.
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Figure 6. Effect of high glucose and angiotensin II on HCASMCs proliferation and migration. (A) DNA synthesis by Alamar blue assay. *P < 0.01
versus control. +P < 0.01 versus hyperglycemia (25 mmol/L glucose). n = 4 per group. (B) HCASMCs migrated through filter were stained.
HCASMCs treated with hyperglycemia and Ang II for 6 h in the presence or absence of WT miR-145, antagomir-145, Klf4 siRNA, or valsartan.
(C) Migration of HCASMCs was quantified by staining and counting the number of cells that migrated to the bottom of the filter in five fields
under a 400× high-power field (HPF). (n = 4 per group). #P < 0.001 versus control (lane 1). *P < 0.001 versus hyperglycemia (lane 2).
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pression briefly (within 1 h) and sus-
tained hyperglycemia-inhibited miR-145
expression in HCASMCs. The upregula-
tion of miR-145 expression immediately
after hyperglycemia (0.5 h) may reflect a
protective response.

Ang II was found to be enhanced by
high glucose stimulation (27). In this
study, we found that miR-145 was signifi-
cantly inhibited by Ang II and that other
cytokines such as TNF-α and IL-6 did not
have the inhibitory effect on miR-145 ex-
pression. High glucose conditions also en-
hanced Ang II secretion from HCASMCs.
The addition of valsartan, an Ang II recep-
tor antagonist and enalaprilat dehydrate
significantly upregulated miR-145 expres-
sion in high glucose stimulation for 4 h.
This finding indicates that Ang II via an-
giotensin receptor downregulates miR-145
in VSMCs under high glucose conditions.
Our study is the first one to demonstrate
that valsartan has a direct effect on medi-
ating the expression of miR-145 in VSMCs
under hyperglycemic conditions. Hyper-
glycemia has been demonstrated to upreg-
ulate AT1 receptor expression in VSMCs
and renal mesangial cells (28,29). The in-
creased AT1 receptor in hyperglycemia
condition is through oxidative stress (29).

Klf4 and myocardin are targets of miR-
145 (7,19). The miR-145 binding sites in
the 3′ untranslated region of KLf4 and
myocardin could mediate Klf4 and my-
ocardin expression. miR-145 downregu-
lates Klf4 but upregulates myocardin ex-
pression. In the present study, we found
that sustained high glucose increased Klf4
mRNA and protein expression while brief
exposure to high glucose increased my-
ocardin mRNA and protein expression
but sustained high-glucose-inhibited my-
ocardin mRNA and protein expression.
Valsartan can reverse the effect of high
glucose on Klf4 and myocardin expres-
sion. Ang II alone had a similar effect on
Klf4 and myocardin expression as that
under sustained high glucose stimulation.
These results indicate that Klf4 and my-
ocardin expression in a high glucose state
is mediated by Ang II. Type 2 diabetic
mellitus in practical medicine is not only
the hyperglycemic condition but also the

insulin resistance condition. The insulin
resistance is an important mechanism to
induce the undifferentiation and the pro-
liferation of VSMCs. Hutcheson et al. have
demonstrated that miR-145 downregu-
lates Klf4 and upregulates myocardin ex-
pression in SMCs of metabolic syndrome
rat (26). Recently, Wen et al. have demon-
strated that miR-145 plays a role in the
development of resistin-induced insulin
resistance in HepG2 cell (30).

In the present study, we found that hy-
perglycemia and Ang II alone signifi-
cantly increased VSMC proliferation by
Alamar blue assay. Overexpression of
miR-145 and the addition of Klf4 siRNA
significantly attenuated the proliferation
induced by hyperglycemia. The addition
of valsartan before high glucose stimula-
tion also significantly attenuated VSMC
proliferation induced by hyperglycemia.
The findings of the study confirm that
miR-145 is an important vasculoprotec-
tive miR. Actually, miR-143/145 defi-

ciency impairs vascular function (31).
Restoration of miR-145 expression can
limit neointimal formation in response to
vascular injury by promoting Klf4 down-
regulation (6). Taken together, these data
demonstrate the importance of physio-
logical levels of miR-145 for normal vas-
cular function.

The expression of miR-145 and myo -
cardin was maximally increased at 7 d
after carotid injury and gradually de-
clined thereafter in diabetic rats and Klf4
protein expression was gradually in-
creased from 3 to 28 d after balloon in-
jury. This result had a similar trend as in
the in vitro study. There is a trend that
when the expression of Klf4 increased
after balloon injury, the expression of
miR145 decreased. Overexpression of
miR-145 and treatment with valsartan
could reverse the Klf4 and myo cardin
protein expression induced by balloon
injury. The intimal area and lumen size
after balloon injury was reversed after

Figure 7. Proposed signal pathway of high glucose on the regulation of miR-145 and Klf4
and myocardin for proliferation and migration in vascular smooth muscle cells. High glu-
cose increases Ang II expression and Ang II through angiotensin receptor downregulates
miR-145. miR-145 downregulates Klf4 and Klf4 downregulates myocardin expression, finally
causing smooth muscle cell proliferation and migration to promote atherogenesis.
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overexpression of WT miR-145, confirm-
ing that miR-145 is an important vasculo-
protective miR. Our in vivo results are
contradictory to the result reported by
Cheng et al. (6). Different animal species
and injury procedure may explain the
discrepancy.

In summary, the present study reveals
the molecular regulation of miR-145 in
the downstream gene (such as Klf4 and
myocardin) expression of HCASMCs
under hyperglycemic condition. Ang II
plays a critical role in the regulation of
miR-145 under hyperglycemia condi-
tions. The decreased miR-145 will in-
crease the expression of its target gene
KLf4. The increased Klf4 will then de-
crease myocardin to induce proliferation
and migration of VSMCs. The pathway
of effect of high glucose on Ang II and
miR-145 in vascular smooth muscle cell
is summarized in Figure 7. miR-145 has
been considered to be a therapeutic tar-
get to reduce atherosclerosis in
apolipoprotein E knockout mice (32). The
better understanding of the detailed
mechanisms of therapeutic miR-145
under hyperglycemic condition will pro-
vide us a new insight into therapeutic
development for atherosclerosis that is
frequently encountered in patients suf-
fering from diabetes mellitus.
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