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Abstract

Angiotensin Il (Ang Il) is involved in the pathogenic progress of cardiovascular diseases via the
promotion of abnormal proliferation and migration of human vascular smooth muscle cells
(HVSMCG:s). Sulforaphane (SFN) exerts potent anti-inflammatory effects both in vitro and in vivo. In
the present study, we aimed to investigate the effects of SFN on Ang ll-induced abnormal migration
of HVSMC:s as well as the underlying mechanisms of those effects. The results showed that Ang
ll-induced HVSMC proliferation and migration were inhibited by treatment with SFN. SFN also
exhibited anti-inflammatory activity, as indicated by its reduction of monocyte adhesion to HVSMCs
via the reduction of ICAMI and VCAMI levels. Moreover, SFN reduced the Ang ll-induced
upregulation of HVYSMC migration; this effect was inhibited by pretreatment with inhibitors of
NADPH oxidase and ROS or transfection with siNOX4. In addition, SFN reversed the Ang
ll-induced upregulation of HYSMC migration via elevation of Nrf2 activation and expression. Taken
together, the results indicate that SFN reverses Ang ll-induced HVSMC migration through
suppression of the NOX4/ROS/Nrf2 pathway. Thus, SFN is a potential agent to reverse the
pathological changes involved in various cardiovascular diseases.
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Introduction

Human vascular smooth muscle cells (HVSMCs)  been used to downregulate the renin-angioten-

are critical for maintaining vascular homeostasis,
mainly by manipulating contraction and relaxation.
Abnormal HVSMC proliferation and migration into
the intima, processes that are predominantly trigger-
ed by injured endothelial cells (ECs), are key stages
for the initiation and development of hypertension
and atherosclerosis (AS) [1]. However, the molecular
mechanism of HVSMC proliferation and migration
after vascular injury is not completely known.
Angiotensin II (Ang II) induces the pathogenesis
of several cardiovascular diseases, such as
cardiomyopathy[2], coronary artery disease[3], AS [4]
and vascular injury[5]. Numerous interventions have

sin system (RAS) system or to directly block Ang II
expression for the treatment of cardiovascular disease
[6, 7]. Ang II is also known to enhance vascular
remodeling through NADPH oxidase-derived ROS
generation and inflammatory responses in HVSMCs;
this remodeling then induces an abnormal
proliferative capacity and the migration of HVSMCs
[8, 9]. Then, these abnormal activities induce
formation of neointima, accelerate vascular damage
and cause AS. Moreover, in vivo studies have revealed
that endogenous Ang II is associated with plaque
vulnerability. Thus, it is well known that prevention
of Ang Il-induced HVSMC hyperactivation is a
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potential intervention for vascular
diseases.

The potent antioxidant compound sulforaphane
(SEN) suppresses platelet-derived growth factor
(PDGF)-induced VSMC proliferation and neointima
formation through a p53 signaling-independent
increase in Nrf2 expression [10-12]. SEN suppresses
leptin-stimulated VSMC proliferation via p70S6K/
S6 signaling [10]. Furthermore, SFN is regarded as a
promoter for the activation of nuclear factor erythroid
2-related factor 2 (Nrf2)[13]. However, the effect of
SFN on Ang Il-induced HVSMC proliferation and
migration has not yet been fully investigated.

Nrf2 plays a key role in VSMC cellular
proliferation and neointima formation[14]. An
investigation has determined that enhanced Nrf2
activity has an antiproliferative effect, thus contrib-
uting to the induction of Nrf2 target genes, including
HO-1 and NQOT1 [15]. This research also showed that
the abnormal VSMCs migration decreases via
inducing Nrf2 activity[15]. Further, Nrf2 depletion
induces VSMC migration and neointimal hyperplasia
[16].Nevertheless, the role of Nrf2 in HVSMC
proliferation and migration and neointima formation
remains unknown. The kelch-like ECH-associated
protein 1 (Keapl) is the key negative regulator
of Nrf2, and SFN activated Nrf2 combination with
antioxidant response element (ARE), which has a key
role in the protection of cells under oxidative stress. It
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is also unclear whether SFN-induced Nrf2 activation
contributes to inhibition of Ang Il-induced HVSMC
migration.

Nox4 is a key source of ROS, which has an
important role in the cell damage. Under oxidative
stress, Nrf2 disassociates from KEAP1 and moves into
the nucleus. Nox4 is regarded to be regulated by Nrf2
in various models in vitro and in vivo. These data
suggest that Nox4 may be associated with Nrf2 in
Ang Il-stimulated HVSMCs. However, few studies
have investigated the connection between Nox4 and
Nrf2 in Ang Il-stimulated HVSMCs. The present
study aims to assess the effects of SFN on Ang
II-induced HVSMC migration and to explore the
potential underlying mechanisms.

Results

SFN ameliorates Ang ll-stimulated HYSMC
proliferation

To determine effective treatment concentrations,
the cytotoxic effects of SFN were investigated by MTT
colorimetric assay. Data on the percentage of viable
cells after treatment revealed that various
concentrations of SFN (1-10 uM) were not cytotoxic
toward HVSMCs after 24 h of exposure (Figure 1A).
Further, HVSMC viability was increased by Ang II,
whereas SFN inhibited Ang Il-induced increases in
HVSMC viability (p< 0.05, Figure 1B).
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Figure 1. The preventive effects of SFN on Ang ll-induced increases in HVSMC viability. (A) Cell viability was measured in Ang lI-stimulated HVSMCs
using an MTT assay. (B) Cell viability was measured for 24 h after Ang Il stimulation in the presence or absence of SFN. (C) LDH release was measured for 24 h after
Ang |l stimulation in the presence or absence of SFN. (D) Cell proliferation was measured for 24 h after Ang Il stimulation in the presence or absence of SFN by [3H]
thymidine incorporation assay. These data were obtained from at least three independent experiments; P < 0.05, #P < 0.05, #P < 0.01 (n = 3).
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To test whether SFN could inhibit Ang
[I-stimulated HVSMC proliferation, LDH assays and
[3H] thymidine incorporation assays were also
performed. The data showed that Ang Il caused a
decrease in LDH release (Figure 1C) and an increase
in HVSMC proliferation (Figure 1D). However, SFN
significantly inhibited the Ang II-mediated effects on
LDH release and proliferation in a dose-dependent
manner in HVSMCs (Figure 1C and D). LDH assays
and [3H] thymidine incorporation assays revealed
similar inhibitory effects of SFN on Ang Il-induced
HVSMC proliferation.
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SFN ameliorates Ang ll-induced migration of
HVSMCs

To determine the effects of SFN on migration, a
transwell migration chamber assay and a wound
healing assay were used. As shown in Figure 2A and
B, Ang Il increased the migratory ability of HVSMCs,
whereas SFN reversed the Ang Il-induced HVSMC
migration in a dose-dependent manner.

The wound healing assay also revealed a
consistent tendency of SFN to reduce Ang II-
stimulated HVSMC migration (Figure 2C and D).
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Figure 2. The preventive effects of SFN on Ang ll-stimulated HVSMC migration. (A) Cell migration was evaluated by Boyden chamber assay after Ang II
stimulation in the presence or absence of SFN for 12 h. (B) Quantification of cell migration was performed with a Boyden chamber assay. (C) Cell migration was
evaluated by wound healing assay after Ang Il stimulation in the presence or absence of SFN for 24 h. (D) Quantification of cell migration was performed with a wound
healing assay. These data were obtained from at least three independent experiments; ‘P < 0.05 (n = 3), #P < 0.05, #P < 0.01 (n = 3).
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SFN ameliorates monocyte adhesion to
HVSMCs by reducing the expression of
adhesion molecules

HVSMCs directly interact with monocytes under
conditions of inflammation, including during
neointima formation and AS, so we determined
whether SFN could inhibit monocyte attachment to
Ang Il-stimulated HVSMCs. The results indicated

that Ang II promoted monocyte binding to HVSMCs,
whereas SFN attenuated this response (Figure 3A and
B). In addition, both ICAM1 and VCAMI are
important for elevating the adherence of monocytes,
so we investigated their levels in HVSMCs. Ang II
increased the levels of ICAM1 and VCAM1, whereas
SFN attenuated ICAM1 and VCAMI1 levels (Figure
30).
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Figure 3. The preventive effects of SFN (10 uM) on Ang Il (100 ng/mL) -stimulated inflammatory responses in HVSMCs for 24 h. (A) RAW264.7
cells were stained to visualize monocyte adhesion to HVSMCs. The red color indicates PKH-labeled monocytes. (B) Relative monocyte adhesion was estimated and
analyzed by relative fluorescence intensity. (C) Protein levels of ICAM1 and VCAMI were analyzed by western blot assay. (D) NF-kB activity was evaluated in
HVSMC:s after Ang Il stimulation in the presence or absence of SFN. (E) The level of VEGF was evaluated in HVSMCs after Ang Il stimulation in the presence or
absence of SFN. (F) The level of PIGF was evaluated in HVSMCs after Ang Il stimulation in the presence or absence of SFN. (G) The level of IL-6 was evaluated in
HVSMC:s after Ang |l stimulation in the presence or absence of SFN. These data were obtained from at least three independent experiments; *P < 0.05 (n = 3), #P <

0.05,%P < 0.01 (n = 3).
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NF-xB is a key transcription factor that regulates
ICAM1 and VCAMI expression in many types of
cells. Therefore, we determined whether SFN could
suppress Ang Il-mediated NF-«B activation in
HVSMCs. Our data showed that Ang II caused an
increase in NF-kB activation. However, SFN
significantly decreased the Ang Il-induced elevations
in NF-kB activation (Figure 3D). Therefore, the data
suggest that SFN inhibits Ang Il-induced inflamma-
tory responses via inhibition of NF-xB activation in
HVSMCs.

To determine whether SFN could affect
inflammatory cytokine expression in HVSMCs, the
levels of VEGF, PIGF and IL-6 were assessed by
ELISA. Ang II caused increases in VEGF (Figure 3E),
PIGF (Figure 3F) and IL-6 (Figure 3G) expression
compared to the expression in the control group.
However, SEN reduced the Ang II-induced elevations
in VEGF (Figure 3E), PIGF (Figure 3F) and IL-6
(Figure 3G) expression in HVSMCs. Taken together,
the results suggest that SFN inhibits Ang Il-induced
inflammatory responses in HVSMCs.

SFN inhibits Ang ll-induced migration of
HVSMCs via reducing ROS generation and
NADPH oxidase activity

DCF-DA fluorescence assay was used to
determine total intracellular ROS levels, and the
intensity of MitoSOX Red fluorescence was used to
determine the mtROS levels. SEN decreased intracell-
ular ROS accumulation compared with the that of the
Ang II group (Figure 4A); moreover, SFN had a
similar effect on mtROS accumulation in HVSMCs
(Figure 4B). Furthermore, we found that SFN reversed
Ang Il-induced NADPH oxidase activity (Figure 4C)
in HVSMCs.

Pretreatment with inhibitors of ROS (NAC) or
NADPH oxidase (DPI or APO) suppressed the Ang
[I-induced HVSMC migration (Figure 4D). On the
other hand, SFN reduced the expression of NADPH
oxidase subunit NOX4 in Ang Il-treated HVSMCs
(Figure 4E). To investigate whether Nox4 was
involved in the Ang Il-induced stimulation of
HVSMC migration, siNOX4 was used. The results
showed that transfection with siNOX4 inhibited Ang
[I-induced ROS production (Figure 4F) and HVSMC
migration (Figure 4G). Taken together, these results
suggest that SEN decreases Ang Il-induced HVSMCs
migration via inhibition of NADPH oxidase activity
and ROS generation.

SFN amelioration of the Ang ll-induced
migration of HYSMC requires Nrf2 activation

To gain insight into the mechanism by which
SEN reversed HVSMC migration in response to Ang

Il treatment, we investigated Nrf2 activity and
expression by ELISA and western blot. Compared to
the Ang II group, the SFN treatment group had
elevated Nrf2 activity and expression levels (Figure
5A and B).

In the control group, Nrf2 was located in both
the cytoplasm and the nucleus. Ang II reduced the
cytoplasmic and nuclear localization of Nrf2, whereas
SEN increased Nrf2 expression in both the cytoplasm
and the nucleus compared the expression in the Ang
II group (Figure 5C). These results suggested that SFN
reverses Ang Il-mediated reductions in Nrf2 activity
and expression.

Next, we investigated the effect of Nrf2 on Ang
II-induced migration in HVSMCs. Depletion of Nrf2
by siRNA caused an approximately 70 % reduction in
expression (Figure 5D) that was mediated by a
promotion of HVSMC migration (Figure 5E). Taken
together, these data demonstrated that Nrf2 is
required for SFN to reverse the Ang Il-induced
migration of HVSMCs.

Discussion

In this study, we demonstrated that SFN
attenuates the Ang Il-induced abnormal migration of
HVSMCs through suppression of the NOX4/
ROS/Nrf2 pathway (Fig. 6). Therefore, administration
of SFN may serve as a potential therapeutic strategy
for cardiovascular diseases.

Ang II has been identified as a key vasoactive
peptide that has important roles in the pathogenesis
of vascular diseases, such as in growth and migration
of VSMCs [17-19]. Recently, increasing numbers of
studies have investigated the effects of Ang II (and the
molecular mechanisms of those effects) on processes
involved in blood vessel injury, including induction
of the cAMP/PKA signaling pathway [20], the
ERK1/2 pathway[21], the NF-xB signaling pathway
[22] and the NADPH oxidase subunit signaling
pathway[23]. Therefore, more detailed elucidation of
the mechanisms wunderlying Ang Il-induced
inflammatory responses and oxidative stress in the
cardiovascular system can contribute to the
development of new therapeutic strategies. Our
results showed that Ang II induced HVSMC
proliferation and migration. In addition, Ang II
increased monocyte adhesion to HVSMCs, ICAM1
and VCAM1 expression and inflammatory cytokine
expression. Furthermore, we measured intracellular
ROS and mtROS generation in HVSMCs, as Ang Il is
an activator of NADPH oxidase pathway-mediated
ROS generation in many types of cells, including
VSMCs. Ang II increased intracellular ROS and
mtROS generation, NADPH oxidase activation and
NOX4 expression in HVSMCs.
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Figure 4. SFN (10 uM) inhibits Ang Il (100 ng/mL) -induced migration of HYSMCs via reducing ROS generation and NADPH oxidase activity.
(A) Intracellular ROS generation was evaluated by DCF-DA fluorescence assay after Ang Il stimulation in the presence or absence of SFN. (B) Cellular mtROS levels
were measured by MitoSOX Red fluorescence after Ang Il stimulation in the presence or absence of SFN. (C) Cellular NADPH oxidase activity was evaluated after
Ang |l stimulation in the presence or absence of SFN. (D) Cell migration was evaluated by Boyden chamber assay after Ang Il stimulation in the presence or absence
of NAC, DPI or APO. (E) The expression of Nox4 in HYSMCs was evaluated by western blot assay after Ang |l stimulation in the presence or absence of SFN. (F)
Quantification of ROS generation was performed with a DCF-DA fluorescence assay after Ang Il stimulation in the presence or absence of SFN and siNOX4. These
data were obtained from at least three independent experiments; *P < 0.05, “P < 0.01, #P < 0.05, ##P < 0.01 (n = 3).

SFN reduced the proliferation and migration of
HVSMCs subjected to Ang II. SEN also decreased
monocyte adhesion to HVSMCs, which may have
been mediated by a reduction in ICAM1 and VCAM1
expression, inflammatory cytokine expression and
NF-xB activity. Overall, we confirmed that Ang II
promotes increased levels of adhesion molecules and
elevated monocyte adhesion and that SFN reduces
this inflammatory activity.

In addition, we measured intracellular ROS and

mtROS levels in vitro. In HVSMCs, SEN showed a
protective effect against Ang Il-induced increases in
intracellular ROS, mtROS, NADPH oxidase activity
and NOX4 expression in HVSMCs. The use of
inhibitors of ROS (NAC) and NADPH oxidase (DPI or
APO) or siNOX4 decreased the HVSMC migration
induced by Ang II, implying that SFN reversed the
Ang II-induced ROS generation and NADPH oxidase
activation that were responsible for HVSMC
migration.
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Figure 6. Schematic diagram showing the role of SFN in Ang
Il-mediated signaling pathways in HYSMCs.

Nrf2 is widely recognized as a potential
modulator of cell proliferation and migration [24-26].

SFN modulates cellular homeostasis via Nrf2
activation [27]. Our results showed that SEN triggers a
stimulation of Nrf2 activity and expression in Ang
II-treated HVSMCs. When HVSMCs were transfected
with Nrf2 siRNA, the SFN-mediated attenuation of
the Ang IlI-stimulated HVSMC migration was
diminished. We also found SFN obviously decreases
Ang Il-induced the expression of ICAM-1 and
VCAM-1 in HVSMCs. SEN attenuates Ang Il-induced
HVSMCs inflammatory cytokine expression. SFN
protect HVSMCs against Ang Il-induced injury by
both Nrf2-dependent and independent pathways.

Conclusions

In summary, we have presented evidence that
SEN attenuates Ang II-promoted HVSMC migration
via reducing NOX4 /ROS/Nrf2 signaling and
suppressing the NF-xB pathway. These findings
reveal the molecular mechanism underlying the
increase in HVSMC migration induced by Ang II,
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which may aid in the development of new therapies
that can be used to prevent cardiovascular diseases.

Materials and methods

Cell culture and treatments

Human aortic VSMCs were purchased from
ATCC (Manassas, VA, USA) and maintained in
vascular cell basal medium with smooth muscle
growth supplement (SMGS) and 1% penicillin and
streptomycin in a 5 % CO; atmosphere. HVSMCs
from passages 3-6 were used. In all experiments,
HVSMCs were exposed to vascular cell basal medium
containing 0.05% FBS (Gibco) for 24 h.

SEN and Ang II were purchased from Sigma-
Aldrich (St. Louis, MO, USA). SEN stock solution was
prepared in sterile double-distilled water.

MTT Assay

Cell viability was measured by using an MTT
colorimetric assay[28]. Cells (2x10° cells/well) were
seeded in 96-well plates, and the cells were treated
with various concentrations of SEN (0-10 uM) in the
presence of Ang II (100 ng/mL) for 24 h. After
treatment, the cells were incubated with 400 uL of
MTT (Sigma-Aldrich, St. Louis, MO, USA) reagent at
37 °C for 2 h, and the absorbance was evaluated at 540
nm by a microplate reader (Thermo Scientific, CA,
USA).

For the LDH assay, cell lysate was collected with
1% Triton-100, and LDH activity was measured as
previously described [28].

For the [3H] thymidine incorporation assay, the
cells were labeled with [3H] thymidine at a
concentration of 1 pCi/ml for 24 h. The cultures were
then placed on ice to terminate the reaction, and the
cells were washed with PBS with trichloroacetic acid
(10%). Acid-insoluble [3H] thymidine was released
through cell lysis, mixed with scintillation cocktail (3
ml), and evaluated by a liquid scintillation counter
(PerkinElmer, Waltham, MA).

Cell migration assay

Cell migration was evaluated by a modified
Boyden chamber assay (Corning, NY, pore diameter
8.0 pm) as previously described[29]. First, 2x10* cells
were added to the upper chamber. Then, vascular cell
basal medium (500 pL) containing 10 % FBS was
added to the lower chamber. After 12 h, the migrated
cells were stained with calcein AM. Migrated cells
were evaluated with a fluorescence microscope
(Nikon, Minato, Tokyo, Japan).

Wound healing assay

Cells migration was also measured by a wound
healing assay[30]. Cells (5 x 105/well) were seeded in

12-well plates overnight. After cells reached 90%
confluence, the scratches were made with scratched
with a 200 pl plastic pipette tip. The cells were washed
with PBS, the cells were incubated in free-serum
medium and the wound region was imaged at 0 and
24 h with a microscope (Nikon, Minato, To’kyo,
Japan) and evaluated by using Image] software.

Monocyte adherence assay

Cells (2 x 10%) were seeded in a 4-well chamber
slide (Nunc® Lab-Tek® II Chamber Slide™ System).
Then, RAW264.7 cells (2 x10%) were stained with
PKH26 (Sigma-Aldrich) following the manufacturer’s
instructions. After incubation for 30 min at 37 °C,
nonadherent cells were removed, and the adherent
cells were fixed with 4% formalin. Images were
obtained by using a fluorescence microscope (Nikon,
Minato, Tokyo, Japan).

Measurement of cellular and mitochondrial
reactive oxygen species (ROS)

CM-H2DCFDA  (Thermo  Scientific) and
MitoSOX™ Red (Invitrogen) were used to detect total
cellular ROS and mitochondrial ROS formation as
previous described [31]. The cells were treated with
SEN (10 uM) 24 h followed by incubation with Ang II
(100 ng/mL) for 24 h. Cells were stained with
CM-H2DCFDA (10 uM) or MitoSOX (2 uM) for 10 min
at 37 °C in the dark. After the incubation, cells were
washed with PBS, fixed in 4% paraformaldehyde and
evaluated with a fluorescence microscope (Nikon,
Minato, Tokyo, Japan; CM-H2DCFDA excitation/
emission: 492/527 nm and MitoSOX™ Red
excitation/emission: 510/580 nm).

Measurement of NADPH oxidase activity

The activity of NADPH oxidase was evaluated
by lucigenin chemiluminescence assay as described
previously [32]. The absorbance was detected by a
microplate reader (Thermo Scientific, CA, USA).

In vitro small interfering RNA assay

Human scrambled, Nrf2 and Nox4 siRNAs were
obtained from Life Technologies. Transfections with
the various siRNAs (100 nM) were performed with
Lipofectamine RNAIMAX reagent following the
manufacturer’s instructions.

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein fractions
were obtained with a nuclear and cytoplasmic
extraction kit according to the manufacturer’s
instructions (Thermo Scientific, Rockford, IL). Briefly,
cells were centrifuged at 500 x ¢ for 5 min. Then,
ice-cold cytoplasmic extraction reagents (CER I and
CER 1I) with protease/phosphatase inhibitor cocktail
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were added to the cells. After centrifugation at 16000
x ¢ for 5 min, the nuclear proteins were obtained with
the nuclear extraction reagent (NER) with a
protease/phosphatase inhibitor cocktail.

Western blotting

Cells were lysed with ice-cold RIPA lysis buffer
with protease inhibitor. The protein concentration
was measured with a BCA kit (Beyotime Institute of
Biotechnology, China). The proteins were separated
by 10% SDS-PAGE and transferred to PVDF
membranes. Membranes were blocked in 5% nonfat
milk at room temperature for 1 h and then incubated
with the diluted primary antibody at 4°C overnight.
The primary anti-Nrf2 antibody was obtained from
abcam (ab62352, Abcam, UK). In addition, the
membranes were incubated with the corresponding
secondary antibodies for 1 h at room temperature. The
immunoreactive bands were detected with ECL
reagent (Thermo Scientific, Rockford, IL).

Measurement of Nrf2 activity

Nrf2 activity was measured by using a TransAM
Nrf2 assay kit (Active Motif, Carlsbad, CA) as
previously described [28]. The cell nuclear extracts (5
pg) were added to a 96-well plate that had been
precoated with an oligonucleotide with a binding site
for Nrf2. The absorbance was detected at 450 nm by a
microplate reader.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde and
immersed in 0.1% TritonX-100 for 30 min at room
temperature. The cells were blocked with 10% BSA in
PBS for 1 h and incubated with the primary anti-Nrf2
antibody (1:200 dilution) at 4 °C overnight; then, the
cells were incubated in Alexa Fluor 488-conjugated
goat anti-rabbit IgG for 1 h at room temperature. The
images were analyzed with a Zeiss LSM 710 confocal
scanning laser microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Measurement of cytokines by ELISA

To measure vascular endothelial growth factor
(VEGF), placenta growth factor (PIGF) and IL-6
expression, ELISA Kkits for proinflammatory cytokines
including VEGF, PIGF and IL-6 were used according
to the manufacturer’s instructions.

NF-kB pé5 transcription factor assay

Cell nuclear fractions were isolated, and NF-xB
activity was detected by using a NF-xB p65
Transcription Factor Assay Kit (ab133112, Abcam,
UK) according to the manufacturer’s instructions.

Statistical Analysis

Each experiment was repeated three times. Data
are expressed as the means + SD from at least three
independent experiments. Comparisons of more than
two groups were completed by one-way ANOVA
followed by a Bonferroni test using GraphPad Prism
software version 2.01 (GraphPad Software, La Jolla,
CA, USA). P <0.05 was considered significant.
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