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ABSTRACT: Mulberry 1-deoxynojirimycin (DNJ), an inhibitor of α-glucosidase, has been reported to help prevent diabetes
mellitus and suppress lipid accumulation. The aim of this study was to determine whether mulberry DNJ has pleiotropic effects
on the development of atherosclerosis. The mechanisms by which mulberry DNJ might inhibit migration of A7r5 vascular
smooth muscle cells (VSMCs) under hyperglycemic conditions mimicking diabetes were investigated. The antimigratory effects
of DNJ on VSMCs were assessed by Western blot analysis of migration-related proteins and by electric cell-substrate impedance
sensing (ECIS) and visualization of F-actin cytoskeleton. Two pathways of DNJ-mediated inhibition of VSMC migration were
identified. The first involved AMPK activation to inhibit fatty acid synthase (FASN) and Akt activity and then RhoB activation to
inhibit nuclear factor-κB (NF-κB) and matrix metalloproteinase-2 (MMP) activity. The second involved inhibition of focal
adhesion kinase (FAK), Ras, and RhoA activity leading to inhibition of F-actin activity.
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■ INTRODUCTION

Compared to the general population, diabetic patients are
2−4 times more likely to develop atherosclerosis. Many risk
factors, such as hyperglycemia, hypertension, hyperlipidemia,
and smoking, may cause endothelial dysfunction, which is the
first step in the atherosclerotic process. Subsequently, chemo-
tactic cytokines and adhesion molecules may attract monocytes
and cause their migration into the intimal layer of the vascular
wall, where they become macrophages. Thereafter, macrophages
take up oxidized low-density lipoprotein (LDL) and then
transition into foam cells, a key component of atherosclerotic
plaque. Monocyte-derived cytokines and growth factors will
further stimulate vascular smooth muscle cell (VSMC)
proliferation and migration. Monocytes may also secrete matrix
metalloproteinases (MMPs) to induce plaque instability and
then rupture. In atherosclerosis, the VSMC contributes to
vascular wall inflammation, lipoprotein retention, and fibrous
cap formation (which stabilizes plaque). Upon vascular injury,
VSMCs transform into a more synthetic phenotype from their
normally quiescent and contractile condition, then proliferate
and migrate into the intimal layer of the artery wall to induce
intimal hyperplasia, which is the mechanism of restenosis after
percutaneous coronary intervention (PCI).1−4 Understanding
the mechanisms underlying VSMC proliferation and migration
is important for evaluating the involvement of these processes in
the pathophysiology of atherosclerosis and restenosis after PCI.

Mulberry leaf and dietary mulberry leaf have been reported
to have hypoglycemic, hypolipidemic, and antioxidative
effects and to prevent coronary artery disease.5−11 Mulberry
1-deoxynojirimycin (DNJ) has been reported to be the main
component of mulberry leaf that prevents diabetes mellitus
(DM) by inhibiting α-glucosidase in the small intestine and in
postprandial hyperglycemia.5,6,12 Intake of DNJ also suppresses
lipid accumulation.12,13 Our previous studies have shown that
mulberry leaf extract can effectively inhibit proliferation and
migration of VSMCs and thereby atherosclerosis by up-
regulating p53, inhibiting cyclin-dependent kinase, and blocking
small GTPase, Akt/NF-κB signals.3,14 Our aim in this study was
to examine whether the pleiotropic effect of mulberry DNJ on
the development of atherosclerosis goes beyond antidiabetes
and antihyperlipidemia effects. Thus, we investigated mecha-
nisms underlying mulberry DNJ inhibition of VSMC migration
under hyperglycemic conditions mimicking diabetes.

■ MATERIALS AND METHODS
Cell Culture. The cell line A7r5, a smooth muscle cell line derived

from rat thoracic aorta, was obtained from the American Type Culture
Collection (ATCC no. CRL-1444; Manassas, VA, USA). A7r5 cells
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were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% glutamine, 1%
penicillin−streptomycin, and 1.5 g/L sodium bicarbonate (all from
Gibco/BRL; Gaithersburg, MD, USA). All cell cultures were
maintained at 37 °C in a humidified atmosphere of 5% CO2. Before
treatment, the cells were precultured in 0.5% FBS medium for 48 h.
Reagents. DNJ was 1-deoxynojirimycin hydrochloride (D9305;

Sigma, St. Louis, MO, USA). The DNJ stock solutions were made in
deionized distilled water and later diluted in media or phosphate-
buffered saline (PBS) prior to use in culture. Compound C, an AMPK
inhibitor, was purchased from Calbiochem (catalog no. 171260;
Billerica, MA, USA). The cells were incubated in low-glucose (5.5 mM)
and high-glucose (25 mM) media. High-glucose-cultured cells were
treated first with 5 μM AMPK inhibitor for 30 min and then with
1.5 mM DNJ for 48 h.
Cell Viability Analysis. Cell viability was determined using the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay.15 Cells were seeded in 24-well culture plates at a density of
2 × 104 cells/well, incubated for 48 h, treated with DNJ at various
concentrations (1.0, 1.5, and 2.0 mM) for 48 h to evaluate any dose-
dependent effects of DNJ on VSMC growth and viability, cultured
with 0.5 mg/mL MTT at 37 °C in a humidified atmosphere of 5%
CO2 for another 4 h, and solubilized with isopropanol. The viable
cell number was directly proportional to the production of formazan
measured spectrophotometrically at 563 nm.
MMP Gelatin Zymography. The activities of MMP-2 and MMP-

9 were assayed by gelatin zymography as described previously.16 A7r5
cells were plated onto 6-well culture plates (5 × 105/well), incubated
for 48 h, treated with DNJ at various concentrations (1.0, 1.5, and
2.0 mM) at 37 °C in a humidified atmosphere of 5% CO2 for 48 h,
washed twice with PBS, and incubated with 1 mL of 0.1% FBS DMEM
for 24 h. The culture medium was collected, centrifuged at 12000 rpm
(Kubota, 2420) for 5 min at 4 °C to remove cell debris, and subjected to
electrophoresis on 8% sodium dodecyl sulfate (SDS)−polyacrylamide
gels containing 0.1% gelatin. Following electrophoresis, the gels were
washed twice with 2.5% Triton X-100 on a gyrating shaker for 30 min at
room temperature to remove SDS, incubated in 50 mL of reaction
buffer (40 mM Tris-HCl, 10 mM CaCl2, 0.01% NaN3) at 37 °C over-
night on a rotary shaker, stained with Coomassie Brilliant blue R-250,
and destained with methanol/acetic acid/water (50:75:875, v/v/v).
Gelatinolytic activities were detected as horizontal white bands on a blue
background.
Wound Healing. A7r5 cells were seeded at a density of 1 × 106 mL

in 6-well culture plates and incubated for 48 h. A sterile 100 μL pipet
tip was used to make a straight scratch in the cell monolayer in each
well.17 The nonadhering cells were washed out with PBS, and the
remaining cells were treated with DNJ (1.0, 1.5, and 2.0 mM) at 37 °C
in a humidified atmosphere of 5% CO2. Under a 40× lens, images of
the linear wound were taken of nine fields per well at 0, 24, and 48 h.
Migrated cells were counted per well, and the counts were averaged.
Western Blot Analysis. Western blot analysis18 was used to assess

the expressions and/or activities of these migration-related proteins
and thereby the mechanisms underlying the antimigratory effects of
DNJ on VSMCs. Specific antibodies were used to evaluate the
expressions of Akt, Cdc42, RhoA, RhoB, Ras, FASN, NOS, p-AMPK,
p-FAK, p-IκB (all from Santa Cruz Biotechnology, Santa Cruz, CA,
USA), PI3-K (Becton-Dickinson, San Jose, CA, USA), and p-Akt,
β-actin (Sigma, St. Louis, MO, USA). After the indicated treatment
with DNJ (1.0, 1.5, or 2.0 mM) for 48 h, the cells were lysed and equal
amounts of cell lysates (50 μg of protein) were separated by
electrophoresis on 8−12% SDS−polyacrylamide gels and transferred
to nitrocellulose membranes (Millipore, Bedford, MA, USA). The
membranes were incubated with Tris-buffered saline (TBS) containing
1% (w/v) nonfat milk and 0.1% (v/v) Tween-20 (TBST) for 1 h to
block nonspecific binding, washed with TBST for 30 min, incubated
with the appropriate primary antibody for 2 h, incubated with
horseradish peroxidase-conjugated second antibody (Sigma) for 1 h,
developed using ECL chemiluminescence (Millipore), and analyzed
by densitometry using AlphaImager series 2200 software. Results are
representative of at least three independent experiments.

Figure 1. Effect of DNJ on viability of A7r5 VSMCs as assessed by the
MTT assay. A7r5 cells were treated with different concentrations
(1.0−2.0 mM) of DNJ for 48 h and then assayed using MTT. LG, low
glucose (5.5 mM glucose); HG, high glucose (25 mM glucose). The
data are expressed as the mean ± SD from four samples for each group
(#, p < 0.05, as compared with the low-glucose group).

Figure 2. Effect of DNJ on migration of A7r5 cells as assessed by the
wound-healing assay. The wound-healing assay was performed on cells
treated with DNJ (1.0−2.0 mM). (A) Cell number in the denuded
zone (i.e., wound) decreased after DNJ was added. White lines
indicate the wound edge. Treatment with DNJ decreased the
migration of A7r5 cells cultured in HG. (B) The mean number of
cells was determined at 48 h in the denuded zone and represents the
average of three independent experiments ± SD (p < 0.005, as
compared with the control group; ∗∗, p < 0.05, as compared with the
low-glucose group). LG, low glucose (5.5 mM glucose); HG, high
glucose (25 mM glucose).
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Electric Cell-Substrate Impedance Sensing (ECIS). A commer-
cial ECIS system (Applied Biophysics, Troy, NY, USA) was used to
measure the resistance resulting from the migration19 of A7r5 cells.
In our experimental settings for cell growth modeling analysis, the cells
were seeded (1 × 105/well) and cultured in eight separate wells of
an ECIS 8W1E sensing chip, each well filled with culture medium.
Because the interface impedance of the active electrode (for the
standard electrode, ≈10 times that of the 1000 ohm series resistance)
is inversely related to the electrode area, the current was proportionally
reduced, causing approximately the same voltage drop across the cell
layer. A7r5 monolayers plated in ECIS plates were subjected to
increased voltage pulses of 64 kHz frequency, 1.25 V amplitude, and
20 s duration to create a wound. Then we changed the medium to
normal (low)-glucose (5.5 mM) or high-glucose (25 mM) medium.
High-glucose-cultured cells were treated with 5 μM AMPK inhibitor
for 30 min and then with 1.5 mM DNJ for 55 h. A logarithmic graph
of normalized resistance and normalized capacitance measurements
was obtained through ECIS. The normalized values were determined
by dividing the cell-covered and cell-free measurements for the
corresponding frequency.
Visualization of the F-Actin Cytoskeleton. A7r5 cells were

seeded in 12-well plates at a density 5 × 103/well and cultured in
culture medium for 24 h, treated with 5 μM AMPK inhibitor for
30 min, treated with 1.5 mM DNJ for 48 h, fixed in 4.6% formaldehyde
in PBS for 10 min, permeabilized in 0.2% Triton X-100/PBS for 5 min,
stained with phalloidin-FITC (A12379; Invitrogen, Grand Island, NY,

USA) to visualize polymerized F-actin microfilaments under a Nikon
upright fluorescence microscope (×100 objective),20 extensively washed
with PBS, briefly counterstained with 1 mg/mL 4′,6-diamidino-2-
phenylindole (DAPI) to visualize the nuclei, and photographed.

Statistical Analysis. Results are reported as the mean ± standard
deviation of three independent experiments, and statistical compar-
isons were evaluated by one-way analysis of variance (ANOVA).
A p < 0.05 was considered statistically significant.

■ RESULTS
Effect of DNJ on VSMC Viability. As shown in Figure 1,

A7r5 cells were seeded in low-glucose medium, cultured for
48 h, and switched to fresh low- or high-glucose medium, res-
pectively. Thereafter, cells in high-glucose medium were treated
with different DNJ concentrations (1.0, 1.5, and 2.0 mM) for
48 h, and their viability was assessed using MTT. Because DNJ
(1.0, 1.5, and 2.0 mM) was not toxic, these three concentra-
tions were used to test the effect of DNJ on A7r5 cell migration.

Effect of DNJ on Migration of A7r5 Cells. The wound-
healing assay (Figure 2) and gelatin zymography assay (Figure 3)
showed, respectively, that DNJ dose-dependently inhibits migra-
tion of A7r5 VSMC cells and both the MMP-2 and MMP-9

Figure 3. Effect of DNJ on MMP-9 and MMP-2 activities in A7r5 cells
as assessed by the gelatin zymography assay. (A) The activities of
MMP-2 and MMP-9 were inhibited by DNJ in a dose-dependent
manner, but the DNJ-induced inhibitory effect of MMP-2 is more
obvious. (B) Each mean value is the average of three independent
experiments ± SD (#, p < 0.05, as compared with the low-glucose
group; ∗, p < 0.05; ∗∗, p < 0.005, as compared with the high-glucose
group). M, marker; LG, low glucose (5.5 mM glucose); HG, high
glucose (25 mM glucose).

Figure 4. Effect of DNJ on the expression of FASN and phos-
phorylated AMPK (p-AMPK). Cultured A7r5 cells were treated with
DNJ (1.0−2.0 mM) for 48 h. (A) Cell lysates (50 μg) were prepared
and subjected to Western blot analysis. Proteins were detected by
specific antibodies (FASN, p-AMPK), and β-actin was used as a loading
control. (B) Each mean value is the average of three independent
experiments ± SD (#, p < 0.05, as compared with the low-glucose
group; ∗, p < 0.005, as compared with the control group). LG, low
glucose (5.5 mM glucose); HG, high glucose (25 mM glucose).
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activities in these cells. However, the inhibitory effect of DNJ on
MMP-2 activity was more obvious. Our results therefore suggest
that DNJ may inhibit MMP-2 activity (p < 0.01) and thereby
VSMC migration.
Effect of DNJ on the Expression of FASN and

Phosphorylation of AMPK, FAK, and Akt. Western blot
analysis (Figure 4) revealed that DNJ can dose-dependently
inhibit the expression of FASN (p < 0.05) and enhance the
expression of p-AMPK (p < 0.05) in A7r5 cells, indicating that
the inhibition of VSMC migration is mediated via increasing
AMPK activity and decreasing FASN activity. Western blot
analysis (Figure 5) showed that DNJ dose-dependently inhibits
the expression of p-FAK and p-Akt in A7r5 cells, suggesting
that inhibition of migration may be mediated by inhibition of
FAK and Akt phosphorylation (p < 0.05).
Effect of DNJ on the Expression of Small G Proteins.

DNJ treatment dose-dependently reduced the expression of

small G proteins, including Ras, RhoA, and Cdc42, but
increased the expression of RhoB (Figure 6), suggesting that
treatment with DNJ may inhibit migration of VSMCs by
activation of RhoB (p < 0.05) and inhibition of Ras, RhoA, and
Cdc42 (p < 0.05).

Effect of AMPK Inhibitor on Signal Transduction
Proteins Related to Migration of A7r5 VSMCs. The
inhibition of p-AMPK and RhoB expression by treatment with
AMPK inhibitor (Figure 7a,e) and the enhancement of FASN,
p-Akt, and p-IκB expression by treatment with AMPK inhibitor
(Figure 7b,d,g) were restored to normal levels by treatment
with DNJ. As shown in Figure 7c, treatment with AMPK
inhibitor did not enhance p-FAK expression, but DNJ treat-
ment of cells treated with AMPK inhibitor significantly reduced
p-FAK expression. Figure 7f shows that treatment with AMPK

Figure 5. Effect of DNJ on the expression of phosphorylated FAK
(p-FAK) and Akt in A7r5 cells. Cultured A7r5 cells were treated with
DNJ (1.0−2.0 mM) for 48 h. (A) Cell lysates (50 μg) were prepared
and subjected to Western blot analysis. Proteins were detected by
specific antibodies (FAK, p-FAK, Akt, p-Akt), and β-actin was used as
a loading control. (B) Each mean value is the average of three
independent experiments ± SD (#, p < 0.05, as compared with the
low-glucose group; ∗, p < 0.05; ∗∗, p < 0.005, as compared with the
control group). LG, low glucose (5.5 mM glucose); HG, high
glucose (25 mM glucose).

Figure 6. Effect of DNJ on the expression of small G proteins in A7r5
cells. Cultured A7r5 cells were treated with DNJ (1.0−2.0 mM) for 48 h.
(A) Cell lysates (50 μg) were prepared and subjected to Western blot
analysis. Proteins were detected by specific antibodies (RhoB, Ras, RhoA,
Cdc42), and β-actin was used as a loading control. (B) Each mean value
is the average of three independent experiments ± SD (#, p < 0.05, as
compared with the low-glucose group; ∗, p < 0.05; ∗∗, p < 0.005, as
compared with the control group). LG, low glucose (5.5 mM glucose);
HG, high glucose (25 mM glucose).
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inhibitor did not enhance RhA, Ras, and Cdc42 expression, but
DNJ treatment of AMPK inhibitor-treated cells inhibited RhoA
and Ras, but not Cdc42 expression.
Effect of DNJ and AMPK Inhibitor on Migration of

A7r5 Cells Using the ECIS Assay. Treatment with DNJ

inhibited VSMC migration under low-glucose conditions as
compared with hyperglycemic conditions (Figure 8). The
migration of A7r5 cells was enhanced by inhibition of AMPK.
Retreatment with DNJ of AMPK inhibitor-treated cells did not
inhibit their migration, indicating that once AMPK has been

Figure 7. Effect of AMPK inhibitor on the expression of p-AMPK, FASN, p-FAK, small GTP proteins, IκB, and p-IκB in A7r5 cells. Cultured A7r5
cells were treated with AMPK inhibitor (5 μM) and DNJ (1.5 mM) for 48 h. Cell lysates (50 μg) were prepared and subjected to Western blot
analysis. Proteins were detected by specific antibodies (p-AMPK, FASN, p-FAK, RhoB, RhoA, Ras, Cdc42, IκB, and p-IκB), and β-actin was used as a
loading control. Each mean value is the average of three independent experiments ± SD (#, p < 0.05, as compared with the low-glucose group; ∗,
p < 0.05; ∗∗, p < 0.005, as compared with the control group). LG, low glucose (5.5 mM glucose); HG, high glucose (25 mM glucose).
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inhibited by AMPK inhibitor, retreatment with DNJ can no
longer activate AMPK to inhibit migration of VSMCs.
Effect of DNJ on Actin Organization. Immunofluo-

rescence microcopy of phalloidin (F-actin)- and DAPI (nuclei)-
stained A7r5 cells revealed a marked increase in phalloidin
staining after treatment under hyperglycemic conditions and a
decrease in phalloidin staining after DNJ treatment (Figure 9).
After treatment with AMPK inhibitor, phalloidin staining was
increased and partially inhibited again after retreatment with DNJ.
Taken together with the above results, this result demonstrates
that DNJ is a positive regulator of actin organization.

■ DISCUSSION
VSMC migration is affected by many signal transduction proteins
including AMPK, FASN, FAK, Akt/PI3K (phosphoinositide-
3-kinase), the Rho family of small guanosine triphosphatases
(GTPases), IκB, and MMPs. AMPK, which is a key regulator of
cellular metabolism, possesses vasoprotective effects. Recent
studies have shown that activation of AMPK reduces adhesion of
inflammatory cells to vascular endothelium and lipid accumu-
lation and improves blood glucose homeostasis and blood
pressure, thus making this protein kinase a therapeutic target in
the treatment of atherosclerosis and type 2 diabetes mellitus.21,22

FASN is a multifunctional enzyme that regulates the synthesis of
fatty acid. Because fatty acid is generally supplied by dietary fatty
acid, FASN expression levels are relatively low in normal cells.
In contrast, FASN is expressed at significantly higher levels in a
variety of human cancers and has been shown to correlate with
tumor progression and metastasis.23 It is reported that FASN
regulates proliferation and migration of colorectal cancer cells via
the HER2-PI3K/Akt signaling pathway.24 Activation of AMPK
was reported to modify the mRNA expression of FASN and
thereby inhibit fatty acid synthesis.25 From our study, we find
that DNJ treatment of AMPK inhibitor-treated cells resulted in
restoration of p-AMPK expression inhibited by AMPK inhibitor,
which means the effect of DNJ on migration of VSMCs is

mediated through the AMPK pathway. DNJ treatment of AMPK
inhibitor-treated cells was found to restore inhibition of the
AMPK inhibitor-induced enhancement of FASN expression,
which is compatible with the fact that AMPK regulates FASN.
Focal adhesion kinase (FAK) plays a role in integrin signaling,
which induces many intracellular events, including rearrangement
of the actin cytoskeleton and cell migration. Increasing FAK
expression will stimulate cell migration.26,27 PI3K signaling was
found to mediate cellular proliferation and migration.28 The Akt
kinase, an important component of postsurvival signaling
pathways, is activated via the PI3K pathway.29 In our study, treat-
ment with AMPK inhibitor did not enhance p-FAK expression,
which means AMPK is not a regulator of FAK. DNJ treatment
of AMPK inhibitor-treated cells significantly reduced p-FAK
expression, which means DNJ can directly inhibit FAK expres-
sion without acting on AMPK. DNJ treatment of AMPK
inhibitor-treated cells restored the inhibition of the AMPK
inhibitor-induced increase in p-Akt expression, which means
AMPK acts upstream of Akt. Rho-family small GTPases
(including Rho, Rac, and Cdc42) act as molecular switches to
regulate the actin cytoskeleton. RhoA was reported to have a
central role in cytoskeletal regulation. Rho and Rho kinase were
also found to mediate thrombin-stimulated vascular smooth
muscle cell DNA synthesis and migration.30−32 Increased
expression of RhoB and a block of the Ras/Akt signal were
reported to be related to VSMC migration.2 The Rho family of
GTPases is related to the regulation of NF-κB-dependent
transcription. NF-κB is activated by RhoA and Ras-related small
GTPases (Rac, Cdc42) and inhibited by RhoB.33,34

In our study, treatment with DNJ restored the expression of
RhoB inhibited by AMPK inhibitor and the expressions of
RhoA, Ras, and Cdc42 are not enhanced by treatment with
AMPK inhibitor, which means that AMPK is not a regulator of
RhoA, Ras, and Cdc42 expression. DNJ treatment of AMPK
inhibitor-treated cells inhibited the expressions of RhoA and
Ras, but not Cdc42, which means DNJ inhibits VSMC migration
by inhibiting the expression of RhoA and Ras. Our study also
demonstrates that DNJ increases the activity of AMPK activity,
thereby regulating the activity of RhoB, but not RhoA or Ras,
which in turn inhibits VSMC migration. DNJ can also inhibit
VSMC migration by inhibiting the activities of RhoA and Ras.
The increase in p-IκB expression caused by AMPK inhibitor is
reversed by DNJ treatment, which means AMPK acts upstream
of IκB. VSMC migration after vascular injury in vivo may be
related to increase in MMP-2 activity, and antisera to MMP-2
have been found to inhibit in vitro migration of VSMCs.35

NF-κB plays a central role in inflammation, which is related to
atherosclerosis and restenosis after PCI, as well as angiogenesis.36

NF-κB regulates angiogenesis via the induction of MMPs.37

The transcription factor NF-κB is controlled by inhibitory IκB
proteins. NF-κB is retained in the cytoplasm by its inhibitor IκB.
Upon cellular stimulation, IκB is functionally inactivated and
NF-κB translocates to the nucleus to trigger transcription of
genes.38,39 According to the results of previous and our present
studies, the mechanism of DNJ to inhibit VSMC migration is
related to inhibition of MMP-2 by way of activation of AMPK
and inhibition of NF-κB activity.
Clinically, we often use acarbose, an inhibitor of α-glucosidase,

to control postprandial hyperglycemia in diabetes, which is an
important cardiovascular risk factor. It was reported that acarbose
could rapidly stabilize carotid plaque within 1 month of therapy
in patients with acute coronary syndrome and type 2 DM.
Acarbose might reduce oxidative stress by reducing postprandial

Figure 8. Effect of DNJ and AMPK inhibitor on migration of A7r5
cells. A7r5 monolayers plated in ECIS plates were subjected to
increased voltage pulses of 60 kHz frequency, 4.5 V amplitude, and
20 s duration to create a wound. AMPKI (5 μM) or DNJ (1.5 mM)
was added. The wound was then allowed to heal, and then resistance
was measured every few seconds for 12 h (#, p < 0.05, as compared
with the LG-treated cells; ∗, p < 0.05, as compared with the HG-
treated cells; @, p < 0.05, as compared with the AI-treated cells). LG,
low glucose (5.5 mM glucose); HG, high glucose (25 mM glucose);
AI, AMPK inhibitor.
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hyperglycemia.40 Our previous studies have shown that mulberry
leaf extract can effectively inhibit proliferation and migration of
VSMCs, thereby preventing atherosclerosis. Our present study is
the first to demonstrate that DNJ pleiotropically inhibits VSMC
migration. This effect is unrelated to the antidiabetic effect of
DNJ. Previous and our present studies indicate that DNJ
inhibits VSMC migration via two pathways. DNJ can inhibit
VSMC migration by activating AMPK (which in turn inhibits
FASN and Akt activities, then activates RhoB, and finally
inhibits NF-κB and MMP-2 activities). Another pathway is
through inhibition of F-actin by way of inhibition of FAK, Ras,
and RhoA activities. Besides, our previous studies have shown
that polyphenol-rich mulberry leaf extract can effectively inhibit
proliferation and migration of VSMCs, thus preventing
atherosclerosis. This time, we find that mulberry DNJ also has
inhibitory effect on migration of VSMCs. Therefore, the
antiatherosclerotic effect of mulberry leaf may come from
both polyphenol and DNJ.

In summary, this in vitro study has demonstrated the

molecular mechanisms by which mulberry leaf DNJ effectively

inhibits migration of VSMCs, including activation of AMPK/

RhoB and down-regulation of FAK. Further in vivo and clinical

studies may be needed to prove this pleiotropic effect, and such

an in vivo study is ongoing in our laboratory.
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AMPK, AMP-activated protein kinase; DM, diabetes mellitus;
DMEM, Dulbecco’s modified Eagle’s medium; DNJ,
1-deoxynojirimycin; DAPI, 4′,6-diamidino-2-phenylindole;
ECIS, electric cell-substrate impedance sensing; FASN, fatty
acid synthase; FAK, focal adhesion kinase; FBS, fetal bovine
serum; GTPase, guanosine triphosphatase; LDL, low-density
lipoprotein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide; MMP, matrix metalloproteinase; NF-κB,
nuclear factor-κB; PBS, phosphate-buffered saline; PCI,
percutaneous coronary intervention; PI3K, phosphoinositide-
3-kinase; TBS, tris-buffered saline; VSMC, vascular smooth
muscle cell
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