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Abstract: Anthocyanins, the most prevalent flavonoids in red/purple fruits and vegetables, are
known to improve immune responses and reduce chronic disease risks. In this study, the
anti-inflammatory activities of an anthocyanin-rich extract from red Chinese cabbage (ArCC)
were shown based on its inhibitory effects in cultured endothelial cells and hyperlipidemic
apolipoprotein E-deficient mice. ArCC treatment suppressed monocyte adhesion to tumor necrosis
factor-α-stimulated endothelial cells. This was validated by ArCC’s ability to downregulate the
expression and transcription of endothelial adhesion molecules, determined by immunoblot and
luciferase promoter assays, respectively. The regulation of adhesion molecules was accompanied by
transcriptional inhibition of nuclear factor-κB, which restricted cytoplasmic localization as shown
by immunocytochemistry. Administration of ArCC (150 or 300 mg/kg/day) inhibited aortic
inflammation in hyperlipidemic apolipoprotein E-deficient mice, as shown by in vivo imaging.
Immunohistochemistry and plasma analysis showed that the aortas from these mice exhibited
markedly lower leukocyte infiltration, reduced plaque formation, and lower concentrations of
blood inflammatory cytokines than those observed in the control mice. The results suggest that the
consumption of anthocyanin-rich red Chinese cabbage is closely correlated with lowering the risk of
vascular inflammatory diseases.
Keywords: anthocyanin-rich red Chinese cabbage; apolipoprotein E-deficient mice; in vivo imaging;
vascular cellular adhesion molecule; vascular inflammation

1. Introduction
Coronary artery disease (CAD) is common in aging populations. It is a leading cause of mortality
worldwide and is predicted to remain a concern for many years [1]. CAD has been described as
an epidemic, accounting for approximately 45% of all cardiovascular disease related deaths [2,3].
Chronic vascular diseases, such as atherosclerosis, result from complex, multistep immune reactions,
which eventually lead to the formation of atheromatous plaques, vascular endothelial dysfunction,
and disruption of blood flow [4,5]. Therefore, targeting inflammatory pathways in the vascular system
to reduce CAD risk could be a decisive, preventative strategy.
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2.1. The Contents of the Anthocyanin-Rich Extract from Red Chinese Cabbage
2.1. The Contents of the Anthocyanin-Rich Extract from Red Chinese Cabbage
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Solid-phase chromatography using an adsorbent (Octadecyl-silica-A, 12 nm, 150 µm, YMC
Solid-phase chromatography using an adsorbent (Octadecyl-silica-A, 12 nm, 150 μm, YMC®,
Kyoto, Japan) was used to purify the anthocyanin-rich extract from red Chinese cabbage. As
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FigureFigure
1. High-performance
liquid
chromatography
(HPLC)
1. High-performance
liquid
chromatography
(HPLC)profile
profileofofcyanidin
cyanidinfrom
from anthocyanin-rich
anthocyaninrich
extract
from
red
Chinese
cabbage
(ArCC).
HPLC
chromatograms
of
a
standard
solution
of 100
extract from red Chinese cabbage (ArCC). HPLC chromatograms of a standard solution
of 100
mg/L
mg/L
cyanidin
(A)
and
cyanidin
from
ArCC
(B)
were
recorded
at
520
nm.
mAU:
milli
Absorbance
cyanidin (A) and cyanidin from ArCC (B) were recorded at 520 nm. mAU: milli Absorbance Unit.
Unit.

2.2. ArCC Treatment Suppresses VCAM-1 Expression and Its Transcriptional Regulation in Tumor Necrosis
2.2. ArCC Treatment Suppresses VCAM-1 Expression and Its Transcriptional Regulation in Tumor
Factor-α (TNF-α)-Stimulated Human Umbilical Vascular Endothelial Cells (HUVECs)
Necrosis Factor-α (TNF-α)-Stimulated Human Umbilical Vascular Endothelial Cells (HUVECs)
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Figure 2.
2. ArCC
ArCC treatment
treatment suppresses
suppresses adhesion
adhesion molecule
molecule expression
expression and
and transcriptional
transcriptional activation
activation of
of
Figure
vascular
cell
adhesion
molecule-1
(VCAM-1)
in
TNF-α-stimulated
human
umbilical
vein
endothelial
vascular cell adhesion molecule-1 (VCAM-1) in TNF-α-stimulated human umbilical vein endothelial
cells (HUVEC).
forfor
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andand
intercellular
adhesion
molecule-1
(ICAM-1)
using
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(HUVEC).(A)
(A)Immunoblotting
Immunoblotting
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treated with
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(B)
Effects
of
and ICAM-1 (right) expression levels were calculated based on densitometric scanning of each band.
ArCC
on
transcription
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VCAM-1
were
measured
via
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reporter
assay.
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(B) Effects of ArCC on transcription of VCAM-1 were measured via luciferase reporter assay. Human
kidney (HEK)
293T/VCAM-1-luc
cells (4 ×cells
104 (4
cells/well)
were plated
in a black,
96-well
plate,
embryonic
kidney
(HEK) 293T/VCAM-1-luc
× 104 cells/well)
were plated
in a black,
96-well
followed
by treatment
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(0 to 500 µg/mL)
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plate,
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The
bioluminescent
images
were
acquired
following
the
addition
of
150
µg/mL
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D -luciferin substrate (upper). The luciferase activity, in units of total flux (p/s = photons/second) was
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prepared
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TNF-α-stimulated
HUVECs treated
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As shown
in As
Figure
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prepared
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treated
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for different
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shown
treatment
with
100
µg/mL
of
ArCC
caused
a
marked
decrease
in
the
nuclear
level
of
p65
NF-κB,
in Figure 3B, treatment with 100 μg/mL of ArCC caused a marked decrease in the nuclear level of
which
was evident
at the
6-h time
Immunocytochemistry
to furthertoexamine
the effectthe
of
p65
NF-κB,
which was
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at thepoint.
6-h time
point. Immunocytochemistry
further examine
ArCC of
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localization
of p65 NF-κB
was
performed.
As shownAs
in
effect
ArCC treatment
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localization
of p65
NF-κB
was performed.
Figure
3C,
in
TNF-α-stimulated
HUVECs,
p65
NF-κB
immunostaining
was
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in
both
nucleus
shown in Figure 3C, in TNF-α-stimulated HUVECs, p65 NF-κB immunostaining was evident in both
and cytoplasm.
The p65 NF-κB
staining
a large fraction
of ArCC-treated
HUVECs was
restricted
to
nucleus
and cytoplasm.
The p65
NF-κBinstaining
in a large
fraction of ArCC-treated
HUVECs
was
the
cytoplasm,
indicating
inhibition
of
its
nuclear
translocation
(Figure
3C).
These
results
indicate
that
restricted to the cytoplasm, indicating inhibition of its nuclear translocation (Figure 3C). These results
ArCC inhibited
nuclear
translocation
of NF-κB in TNF-α-stimulated
HUVECs.
indicate
that ArCC
inhibited
nuclear translocation
of NF-κB in TNF-α-stimulated
HUVECs.
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Figure 3. ArCC treatment significantly inhibited TNF-α-induced nuclear factor-κB (NF-κB) activity
Figure 3. ArCC treatment significantly inhibited TNF-α-induced nuclear factor-κB (NF-κB) activity
with translocation of NF-κB from the nucleus to the cytosol. (A) Transcriptional activity of NF-κB
with translocation of NF-κB from the nucleus to the cytosol. (A) Transcriptional activity of NF-κB in
in TNF-α-stimulated HUVECs following treatment with 100 or 300 µg/mL of ArCC for 6 h as
TNF-α-stimulated HUVECs following treatment with 100 or 300 μg/mL of ArCC for 6 h as determined
determined by luciferase reporter gene assay. Data are mean ± SE (n = 3). * Significantly different
by<luciferase
reporter
assay. Data
± SE (n
= 3).
* Significantly
< 0.05)
# p <are
(p
0.05) compared
withgene
TNF-α-only,
0.05mean
compared
with
control
by one-waydifferent
ANOVA(p
followed
#
p < 0.05 compared
control
bynuclear
one-way
ANOVA
followed
by
compared
with TNF-α-only,
by
Bonferroni’s
test. (B) Immunoblotting
for p65with
NF-κB
using
fraction
prepared
from
Bonferroni’s
test.
(B)
Immunoblotting
for
p65
NF-κB
using
nuclear
fraction
prepared
from
TNF-αTNF-α-stimulated HUVECs following treatment with 100 or 300 µg/mL of ArCC for 6 h. The
stimulated
HUVECs
following
treatment
with 100
or 300 μg/mL
of ArCC (PARP)
for 6 h. antibody
The blot and
was
blot
was stripped
and
re-probed
with anti-poly
(ADP-ribose)
polymerase
stripped
and
re-probed
with
anti-poly
(ADP-ribose)
polymerase
(PARP)
antibody
and
antianti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to ensure equal protein loading without
glyceraldehyde 3-phosphate
dehydrogenase
(GAPDH)
to ensure
protein loading without
crosscross-contamination
of the nuclear
and cytoplasmic
fractions.
(C)equal
Immunocytochemical
analysis
for
contamination
of
the
nuclear
and
cytoplasmic
fractions.
(C)
Immunocytochemical
analysis
for
p65 NF-κB localization in TNF-α-stimulated HUVECs following 6-h of treatment with 300 µg/mLp65
of
NF-κBStaining
localization
in TNF-α-stimulated
6-hred
of fluorescence,
treatment with
300 μg/mLp65
of
ArCC.
for p65
NF-κB and DNA is HUVECs
indicated following
by green and
respectively.
ArCC.
Staining
for
p65
NF-κB
and
DNA
is
indicated
by
green
and
red
fluorescence,
respectively.
p65
NF-κB localization was observed using a fluorescence microscope at 100× magnification
NF-κB localization was observed using a fluorescence microscope at 100× magnification

2.4. ArCC Treatment Inhibits Monocyte Adhesion on TNF-α-Stimulated HUVECs
2.4. ArCC Treatment Inhibits Monocyte Adhesion on TNF-α-Stimulated HUVECs
Due to its remarkable regulation of adhesion molecule expression, we next determined
Due to its remarkable regulation of adhesion molecule expression, we next determined the
the functional effect of ArCC on monocyte adhesion. The results revealed that adhesion of
functional effect of ArCC on monocyte adhesion. The results revealed that adhesion of fluorescentfluorescent-labeled monocytes to activated HUVECs was significantly inhibited in a dose-dependent
labeled monocytes to activated HUVECs was significantly inhibited in a dose-dependent manner;
manner; pretreatment with 300 µg/mL ArCC decreased fluorescent signal by 46% compared to that
pretreatment with 300 μg/mL ArCC decreased fluorescent signal by 46% compared to that with TNFwith TNF-α alone. (p < 0.05 and 0.01; Figure 4A), corroborating the VCAM-1 expression data. These
α alone. (p < 0.05 and 0.01; Figure 4A), corroborating the VCAM-1 expression data. These results were
results were confirmed under fluorescent microscopy, as shown in Figure 4B. These results indicate
confirmed under fluorescent microscopy, as shown in Figure 4B. These results indicate that ArCC is
that ArCC is a potential inhibitor of adherence of circulating monocytes to damaged endothelial cell
a potential inhibitor of adherence of circulating monocytes to damaged endothelial cell surfaces and
surfaces and a potential regulator of vascular inflammation.
a potential regulator of vascular inflammation.
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Figure 4. ArCC treatment inhibits monocyte adhesion on TNF-α-stimulated HUVECs. HUVECs were
pretreated with ArCC for 1 h, followed
followed by treatment with TNF-α for 18 h. Fluorescent probe-labeled
U937 monocytes
TNF-α-stimulated
HUVECs
andand
then
incubated
for 2for
h. 2(A)
monocyteswere
wereadded
addedonto
ontothe
the
TNF-α-stimulated
HUVECs
then
incubated
h. The
(A)
number
of U937
cellscells
adhering
to the
HUVECs
was
determined
The number
of U937
adhering
to the
HUVECs
was
determinedusing
usingaafluorometer.
fluorometer.(B)
(B) Adherent
U937 cells
at at
200
× magnification.
areare
representative
of
cells observed
observedusing
usingaafluorescence
fluorescencemicroscope
microscope
200×
magnification.Data
Data
representative
three
independent
experiments.
Results
areare
presented
asas
means
±±SEM
of three
independent
experiments.
Results
presented
means
SEM(n(n==3).
3).**pp<< 0.05,
0.05, **
** pp << 0.01
compared with TNF-α-treated group as determined by one-way analysis of variance followed by
Bonferroni’s multiple comparison
comparison tests.
tests.

E-Deficient (ApoE
(ApoE−−/−/−
) Mice
2.5. Oral Administration of ArCC to Hyperlipidemic Apolipoprotein E-Deficient
) Mice
to to
observe
whether
(a) ArCC
administration
affects
lipid
Next, we
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Table 1.
Body weight and hemodynamic changes in ApoE−/− mice after 12 weeks of
ArCC administration.
Parameter

NC

WD

WD + Low-ArCC

WD + High-ArCC

WD + Statin

Start weight (g)
Final weight (g)
SBP (mmHg)
DBP (mmHg)
HR (bpm)

26.1 ± 0.6
30.7 ± 0.7
108.3 ± 4.9
77.1 ± 9.7
320.8 ± 38.9

25.2 ± 0.5
34.3 ± 0.9 #
134.1 ± 3.6 #
88.2 ± 7.2
326.3 ± 26.2

26.4 ± 0.6
33.8 ± 0.6 #
106.5 ± 8.6 *
71.7 ± 6.8
331.3 ± 22.4

26.2 ± 0.5
32.0 ± 0.5
103.5 ± 8.8 *
71.3 ± 0.5
353.7 ± 42.6

25.9 ± 0.4
31.1 ± 0.3
106.2 ± 7.4 *
85.6 ± 7.3
325.1 ± 32.3

NC; normal chow, WD; western type diet, SBP; systolic blood pressure, DBP; diastolic blood pressure, HR; heart
rate. All values represent mean ± SEM, n = 8 animals per group. # p < 0.05 versus NC, * p < 0.05 versus WD.

Table 2. Plasma lipids in ApoE−/− mice after 12 weeks of ArCC administration.
Plasma Lipids
TC (mg/dL)
LDL + VLDL
(mg/dL)

NC
361.8 ± 6.1
316.9 ± 9.3

WD

WD + Low-ArCC

WD + High-ArCC

WD + Statin

527.5 ± 9.7

#

510.5 ± 6.9

466.6 ± 9.7 *

395.9 ± 5.7 *

490.1 ± 5.1

#

477.7 ± 5.4 *

438.6 ± 8.9 *

364.7 ± 8.3 *

NC; normal chow, WD; western type diet, TC; total cholesterol, LDL + VLDL; low-density lipoprotein and very
low-density lipoprotein. All values represent mean ± SEM, n = 8 animals per group. # p < 0.05 versus NC, * p < 0.05
versus WD.

2.7. ArCC Administration Inhibits Vascular Inflammation of WD-Fed ApoE−/− Mice
Inflammatory cytokines have been implicated in the progress of vascular lesions and have a
profound influence on the pathogenesis of atherosclerosis [23]. To test whether ArCC administration
affected vascular inflammation, including the production of circulating inflammatory factors in the
blood, inflammatory cytokine levels in the plasma of WD or ArCC-treated hyperlipidemic ApoE−/−
mice were analyzed by Luminex multiplex assay. As shown in Figure 5, high-dose ArCC treatment
significantly decreased the levels of plasma cytokines compared with those in WD ApoE−/− mice. For
example, the level of TNF-α and interleukin (IL)-6 in high-ArCC-treated ApoE−/− mice reached basal
levels. In addition, the levels of other cytokines in high-ArCC-treated ApoE−/− mice were comparable
with those of the ApoE−/− mice fed with atorvastatin, the positive control agent.
The protein levels of adhesion molecules in the aortas of all groups of ApoE−/− mice were
examined by immunoblot, as shown in Figure 6A. The levels of the adhesion molecules VCAM-1 and
ICAM-1 significantly increased in the aortas of WD ApoE−/− mice compared to those in the aortas of
normal chow (NC) ApoE−/− mice. The expression levels of the adhesion molecules were remarkably
suppressed by ArCC treatment. Densitometric analysis indicated that low-and high-ArCC treatment
decreased VCAM-1 levels compared with those of WD ApoE−/− mice (74.6 ± 8 and 18.45 ± 5, vs.
100.00, respectively, p < 0.05). Aortic ICAM-1 expression in high-ArCC-treated ApoE−/− mice also
decreased by 11.5%, although the difference did not reach statistical significance with low-ArCC
treatment. VCAM-1 expression in WD ApoE−/− mice was also observed, via immunohistochemical
staining, in the blood vessel intima (atherosclerotic lesion), the endothelium covering the atherosclerotic
lesion, and the endothelium outside the lesion (Figure 6B). Moreover, remarkable VCAM-1 expression
was observed in smooth muscle cells within the tunica media under the lesions. Immunohistochemical
staining patterns of VCAM-1 in ArCC-treated mice were also observed. A strong reduction was
noted, especially inside the atherosclerotic lesion (Figure 6B), and, in mice treated with high-ArCC,
even in the vessel media under the lesion. These results indicate that ArCC administration reduces
aortic inflammation by inhibition of cytokine production and expression of adhesion molecules on the
endothelial surface in atherogenic ApoE−/− mice.
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Figure 5. ArCC administration reduces inflammatory cytokine levels in plasma of western diet
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antibody. Sectioned aortas were counter-stained with hematoxylin (Magnification, 100× or 400×).
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Because previous results have shown that ArCC inhibits vascular inflammation in vitro and
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3. Discussion
In the present study, we demonstrated that ArCC prevents atherosclerotic vascular inflammation
by regulating inflammatory factors in the blood. The ArCC-mediated anti-inflammatory effects
were not restricted to cultured endothelial cells because the inhibition of plaque formation in
the arteries of hyperlipidemic ApoE−/− mice by daily ArCC administration correlated with a
decrease in inflammatory cytokines and adhesion molecule expression on the surface of the arterial
endothelium. Moreover, we showed for the first time that the aortas from ArCC-treated mice
clearly exhibited decreased fluorescence intensities in the atherosclerotic lesions by in vivo imaging,
supporting previous speculations that natural extracts containing anthocyanin may function as effective
anti-inflammatory agents.
Many epidemiological studies have demonstrated that consumption of cruciferous vegetables rich
in anthocyanins is associated with lower incidences of human chronic vascular inflammatory diseases,
including cardiovascular disease, atherosclerotic coronary heart disease, and oxidative stress-related
disorders [24–26].
The major sources of anthocyanins are naturally red and dark purple colored plants, such as
berries, grapes, rice, and corn [27]. The dark pigment, cyanidin, which is the major compound
in ArCC, is recognized as the most pharmaceutically effective anthocyanin. During digestion,
the cyanidin is metabolized mainly to a glucuronide derivative, reaching peak plasma concentrations
between 1 and 3 h. Approximately 80% of the cyanidin content in the intestines is in the stable form
as C3G [28]. Suppression of inflammation-related cytokines and adhesion molecules [21,29] and
induction of anti-oxidant activity by anthocyanin (mainly C3G) in cultured cells have been observed
at 20–40 µmol/L [30]. Regulation of the blood lipids profile and inhibition of foam cell formation in
the aorta have been shown after intraperitoneal administration of C3G at 10–40 mg/kg [21], and an
improvement in plasma antioxidant capacity has been observed with oral administration at 1–2 g/kg
diet (20–40 mg/day) [31]. After a 500 mg oral bolus of C3G, a peak serum concentration of 141 nM
was observed after 1–2 h, with immediate absorption within 0.5–2 h in the stomach/intestine and an
elimination half-life of 0.4 h, which explains the rapid delivery of C3G into the blood [32,33]. Therefore,
the oral dosage of ArCC (i.e., 27 mg cyanidin/150 mg ArCC/kg, and 54 mg cyanidin/300 mg ArCC/kg)
to ApoE−/− mice in this study is reasonable to induce vascular anti-inflammation in vivo. The plasma
concentrations of ArCC required for these anti-inflammatory effects and the reduction in atherosclerotic
plaque formation may be achievable in humans. Based on body surface area conversion, 300 mg
ArCC/kg in mice is equal to 12 mg/kg in humans, or the equivalent of 650 g of fresh red Chinese
cabbage per day for a 60-kg person [34]. Although not reasonably achievable through consumption of
Chinese cabbage, considering the traditional dietary habits of Koreans, which includes Kimchi with
cabbage as a main ingredient, this concentration may be provided by a daily oral supplement.
The present study showed that the ArCC-mediated suppressed transcription and expression
of adhesion molecules correlated with the remarkable decrease in monocyte adhesion to
TNF-α-stimulated endothelial cells. The ArCC-mediated inhibition of inflammatory plaque formation
in the aortas of hyperlipidemic ApoE−/− mice paralleled the decrease in VCAM-1, although the effect
on ICAM-1 was not as striking. The mechanism of the pharmacologic effects of ArCC on vascular
adhesion molecules was linked to regulation of NF-κB [30]. The present study supports that nuclear
translocation of p65 NF-κB was inhibited on treatment of TNF-α-stimulated HUVECs with ArCC.
In addition, the ArCC-mediated inhibition of inflammation in the aorta was visualized with the broad
inflammation probe, Prosense® 750, instead of a specific probe against adhesion molecules. Although
remarkable inhibition of vascular inflammation was caused by ArCC treatment, the anti-VCAM-1
positive sites in the atherosclerotic lesions did not exactly overlap the fluorescent-labeled loci. Therefore,
the development of specific probes against each vascular inflammation-related adhesion molecules,
such as VCAM-1, ICAM-1, and selectins, is required to systematically clarify the effects.
As preclinical efficacy testing of potential anti-inflammatory agents in vivo is an important step
toward their use in humans, we determined the effect of ArCC on vascular inflammation in ApoE−/−
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mice fed a hyperlipidemic diet. We found that oral administration of 150 or 300 mg ArCC/kg
significantly reduced inflammation, as shown in the in vivo images. We also observed that the blood
pressure and lipid profiles of ArCC-fed mice were remarkably reduced compared to those of WD
ApoE−/− mice, indicating that improvement in endothelium-dependent vasodilation was a possible
mechanism of antihypertensive effects. In addition, the anti-atherogenic effects in ArCC-fed mice
could be caused by direct anti-oxidant effects of ArCC that alter dietary lipid metabolism. The
anti-oxidant activities of anthocyanin-rich foods, leading to the prevention of lipid peroxidation, have
been well studied both in vitro and in vivo. Therefore, the potential blood pressure-lowering effect
of anthocyanins in ArCC could also be an important mechanism contributing to the reduced risk of
chronic vascular inflammation.
4. Materials and Methods
4.1. Materials
HUVECs and monocytic U937 cells were obtained from Clonetics (Walkersville, MD, USA),
and HEK 293T epithelial cells were obtained from the American Type Culture Collection (#CCL-2,
Rockville, MD, USA). Endothelial growth medium-2, Dulbecco’s modified Eagle’s medium, fetal
bovine serum, and antibiotics were purchased from Gibco (Grand Island, NY, USA). Human tumor
necrosis factor-α (TNF-α) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies
against cell adhesion molecules (i.e., VCAM-1 and ICAM-1) and β-actin were obtained from Santa
Cruz Biotechnology (Dallas, TX, USA) and Sigma-Aldrich, respectively. An anti-mouse macrophage
specific antibody (galectin-3, clone A3A12) was purchased from Abcam (Cambridge, UK). For analysis
with the in vivo imaging system (IVIS), ProSense® 750 FAST Fluorescent Imaging Agent was purchased
from PerkinElmer (Santa Clara, CA, USA).
4.2. Preparation of ArCC
A commercial red Chinese cabbage cultivar (Kwonnong Carotene™, Kwonnong Seed Company,
Chungju, Korea), cultivated in the autumn of 2015, was obtained from Kwonnong Seed Company
and was stored at −20 ◦ C until use. ArCC was prepared as described previously with some
modification [35]. After thawing, the cabbage was blended and sonicated for 10 min (Qsonica, Melville,
NY, USA) in 50% ethanol (v/v), and the soluble fraction was clarified by centrifugation (15,000× g) at
4 ◦ C for 10 min. The soluble fraction was filtered through a hydrophilic polypropylene membrane,
and then concentrated by rotary evaporation at 50 ◦ C to remove ethanol. To prepare the anthocyanin
containing extract, the fraction was chromatographed through a C18 column (YMC-DispoPack,
YMC® , Kyoto, Japan). After washing the column with water, the adsorbed polar compounds,
containing anthocyanins, were eluted with ethanol. The eluate was concentrated and lyophilized to
obtain a powder. Anthocyanins were identified and quantified using the three standards, cyanidin,
pelargonidin, and malvidin, according to the method described by Vasco et al. [36]. The amount of
cyanidin calculated as the external standard equivalent was then multiplied by a molecular-weight
correction factor to afford their specific quantities.
4.3. Monocyte-Endothelial Cell Adhesion Assay
The monocyte-endothelial cell adhesion assay was performed using suspension cultures of U937
cells, as described previously [37]. Briefly, confluent HUVECs (3 × 104 cells) in 96-well plates were
treated with various concentrations of ArCC, followed by stimulation with 15 ng/mL TNF-α for 18 h.
The TNF-α-stimulated HUVECs were then incubated with fluorescent-labeled U937 monocytes for 2 h.
The unbound U937 monocytes were removed by washing three times, and the fluorescence intensity of
the bound cells was measured with a Glomax fluorometer (ex 485 nm; em 538 nm; Promega, Madison,
WI, USA). Wells containing HUVECs alone were used as blanks. The bound U937 cells were also
observed using a fluorescence microscope (Axiophot; Carl Zeiss, Oberkochen, Germany).

Int. J. Mol. Sci. 2018, 19, 816

12 of 16

4.4. Promoter Assay
The effect of ArCC treatment on VCAM-1 or NF-κB transcription was determined using luciferase
reporter assay as described previously [37,38]. The HEK 293T/VCAM-1-luc cells were incubated
with various concentrations of ArCC in an opaque-walled 96-well plate (4 × 104 cells/well) for 1 h,
followed by TNF-α stimulation for 6 h. The cells were treated with luciferin for 30 min at 37 ◦ C, and
the luminescence was measured by using a luminometer (Glomax, Promega, Madison, WI, USA). The
resulting biophotonic reaction was also observed by using the IVIS® Lumina XRMS imaging system
and analyzed using Living Image Software 4.4 (PerkinElmer Inc., Waltham, MA, USA). Transiently
transfected HUVECs with NF-κB-luciferase reporter plasmid and pCMV-pRL (Promega, Madison, WI,
USA) internal control vector were treated with ArCC for 6 h, followed by stimulation with TNF-α.
After the cells were harvested, the supernatant fraction was used to measure dual luciferase activity
(Promega) with a luminometer.
4.5. Immunoblotting
Cells were treated with the specified concentrations of ArCC and lysed, as previously described [38].
The cell lysate was cleared by centrifugation at 12,000× g for 20 min at 4 ◦ C, and the supernatant was
used for immunoblotting. Proteins were resolved using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride membrane. Immunoblotting
was performed using anti-VCAM-1 and anti-ICAM-1 antibodies (Santa Cruz Biotechnology, Dallas,
Texas, USA), and a densitometric analysis was performed, normalizing to the β-actin signal. In some
experiments, the cells were fractionated using a nuclear extraction kit from Pierce (Rockford, IL, USA)
according to the manufacturer0 s instructions. The supernatant fraction was collected and used for
immunoblotting of p65 NF-κB. In addition, for immunoblot analysis of mouse tissue, the obtained aortas
were homogenized in radioimmunoprecipitation assay (RIPA) buffer. The supernatants were cleared by
centrifugation at 12,000× g for 20 min at 4 ◦ C and were used for SDS-PAGE.
4.6. Immunocytochemistry
HUVECs were cultured on coverslips, followed by treatment with 100 and 300 µg/mL of ArCC
for 6 h and stimulation with TNF-α. After permeabilization with 0.1% Triton X-100, the cells were
treated with anti-p65 NF-κB antibody (1:500 dilution; Santa Cruz Biotechnology, Dallas, TX, USA) for
2 h. Immunofluorescence staining was performed as described previously [38]. The cells were washed
and incubated with Alexa Fluor 488-conjugated secondary antibody (1:1000 dilution; Molecular Probes,
Eugene, OR, USA) for 1 h. After washing, the cells were counterstained with propidium iodide (PI)
for 1 min. Finally, the cells were visualized under a fluorescence microscope (Axiophot; Carl Zeiss,
Oberkochen, Germany).
4.7. Animal Experiments
ApoE−/− mice, 14 weeks old, (ApoE−/− , C57BL/6J background; Jackson Laboratory, Bar Harbor,
ME, USA) were used. The animals were kept at 24 ◦ C with a 12-h day/night cycle with water and chow
ad libitum. Mice were either fed a normal diet or a western-type diet (atherogenic diet) containing 21%
fat, 34% sucrose, 19.5% casein, and 0.15% cholesterol (Envigo, Madison, MI, USA) for 12 weeks. The
animal protocol was approved by the Ethics Committee of Animal Experimentation of Chungnam
National University Hospital (CNUH-015-A0017, approved at 7 May 2015).
ApoE−/− mice (n = 40, male) were randomly subdivided into five groups (n = 8 per group). The
control group of animals was fed normal chow. The other groups (n = 32) were fed with WD. Of
the WD mice, one group was provided 150 mg/kg/day ArCC (WD + Low-ArCC), one group with
300 mg/kg/day ArCC (WD + High-ArCC), and one group with 10 mg/kg/day atorvastatin as a
positive control (WD + statin). Both ArCC and atorvastatin were fed by gavage.
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4.8. Evaluation of Atherosclerotic Lesions
After 12 weeks, the animals were fasted for 24 h and then injected via tail vein with a fluorescent
probe, ProsSense® 750 (Perkin Elmer, Waltham, MA USA), which is activated by cathepsins in
inflammatory cells. The Prosense® 750 biomarker has been used previously to detect inflammation in
animal models of atherosclerosis [39,40]. The mice were allowed to recover for 24 h. The mice were
then anesthetized, and laparotomies were performed to obtain the thoracoabdominal aortas. Some
of the aorta was trimmed and subjected to imaging analysis using the IVIS® Lumina XRMS optical
system (PerkinElmer, Waltham, MA, USA). Signal intensity was quantified as the photon flux (photons
per second) within the region of interest by using Living Image software. Bright-field images were
acquired to observe the aortic structure and determine the field of view. Then, ex vivo fluorescent
imaging was performed to quantify fluorescent intensity of the Prosense® 750 in the entire aorta, with
excitation and emission wavelengths of 750 and 770 nm, respectively.
4.9. Plasma Analysis
Plasma samples were prepared and analyzed to determine total cholesterol and lipoprotein
content (VLDL and LDL). For the determination of four inflammation-related cytokines (TNF-α,
interleukin-1β, IL-6, and MCP-1) in plasma, MultiPlex kits (KOMA Biotech, Seoul, Korea) were used.
4.10. Histological Staining
Immunohistochemical staining for VCAM-1 and galectin-3 were performed in paraffin-embedded
sections (3 µm) of aortic tissues. The sections were incubated with an anti-VCAM-1 (1:200) and
anti-galectin-3 (1:200) antibody overnight at 4 ◦ C. Horseradish peroxidase-conjugated goat-anti-rabbit
and anti-mouse (1:1000) secondary antibodies were used. Specificity of the immunostaining was
assessed by staining with nonimmune rabbit immunoglobulin G (IgG) and mouse IgG as negative
controls. The sections were counterstained with hematoxylin, dehydrated, and mounted. Histological
staining was analyzed with TS view 7 software (Microscope.com, Roanoke, VA, USA), and was
digitalized using (Motic microscopy, Richmond, BC, Canada).
4.11. Statistical Analysis
Differences in the measured variables between the control and ArCC-treated groups were
determined using a one-way analysis of variance, followed by Bonferroni’s test for multiple
comparisons with the aid of GraphPad Prism software (version 5.0, GraphPad Software, La Jolla, CA,
USA). A p value of <0.05 indicated statistical significance.
5. Conclusions
The results of the present study show that ArCC treatment regulates TNF-α-induced inflammatory
markers in cultured endothelial cells and inhibits vascular inflammation in hyperlipidemic ApoE−/−
mice, without causing weight loss or other side effects. ArCC-mediated suppression of vascular
inflammation in hyperlipidemic ApoE−/− mice paralleled the inhibition of circulating inflammatory
cytokines and plaque formation on the surface of the arterial endothelium and suppressed vascular
adhesion molecule expression. This study also suggests that regular consumption of anthocyanin-rich
red Chinese cabbage is useful in lowering the risk of chronic vascular inflammatory diseases, and
highlights the need for improved cultivation of functional vegetables with anti-inflammatory activities.
Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/3/816/s1.
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