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Ethnopharmacological relevance: The fruit of Rubus coreanus has been used as a traditional herbal

medicine for alleviation of inflammatory and vascular diseases in Asian countries.

Aim of the study: The anti-atherogenic effect of unripe Rubus coreanus fruit extract (URFE) and its

underlying mechanism were analyzed in mice fed a high-fat diet (HFD) and in cell culture system.

Materials and methods: Mouse was freely given HFD alone or supplemented with URFE for 14 weeks,

followed by analysis of atherosclerotic lesions and serum lipid levels. For in vitro assay, macrophages

were pretreated with URFE, followed by stimulation with lipopolysaccharide (LPS). Expression levels of

inflammatory genes (TNF-a, IL-1b, and iNOS) and phase II genes (heme oxygenase-1, glutamate

cysteine lygase, and peroxiredoxine-1) as well as intracellular reactive oxygen species (ROS) level and

NF-kB activation pathway were analyzed in cultured macrophages as well as mouse sera and aortic

tissues.

Results: URFE supplementation reduced HFD-induced atherosclerotic lesion formation which was

correlated with decreased levels of lipids, lipid peroxides, and inflammatory mediators (TNF-a, IL-1b,

and nitric oxide) in sera as well as suppression of inflammatory gene in aortic tissues. In addition, pre-

treatment of macrophages with URFE also suppressed LPS-induced NF-kB activation, ROS production,

and inflammatory and phase II gene expressions. Inhibition of phase II enzyme and protein activities

attenuated the suppressive effects URFE on ROS production, NF-kB activation, and inflammatory gene

expression.

Conclusion: These results suggest that URFE attenuates atherosclerosis by improving blood lipid profile

and inhibiting NF-kB activation via phase II antioxidant gene expression.

& 2013 Elsevier Ireland Ltd. All rights reserved.
d Ltd. All rights reserved.
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1. Introduction

Hyperlipidemia plays an important role in the pathogenesis of
atherosclerosis. Numerous studies have demonstrated that dyslipide-
mia, such as the increases in plasma concentrations of triglyceride,
total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C),
and a decrease in plasma concentration of high-density lipoprotein
cholesterol (HDL-C), is an important risk factor for various cardiovas-
cular diseases. Of these plasma lipids, LDL-C plays a crucial role in the
development of atherosclerosis; however, the elevation of HDL-C
prevents the initiation of atherosclerosis by blocking the atherogenic
effects of LDL-C (Parthasarathy et al., 1990; Steinberg, 1997). These
evidences indicate that improvement of blood lipid profile prevents
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blood vessel injury and the pathogenic development of atherosclero-
tic plaque formation leading to cardiovascular dysfunction.

Atherosclerosis is also regarded as a chronic inflammatory
disease that results from the production of various cytokines, such
as tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b), as
well as soluble mediators, including inducible nitric oxide synthase
(iNOS)-mediated NO production (Choi et al., 2003; Buttery et al.,
1996). TNF-a and IL-1b promote the expression of intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-
1 (VCAM-1) in endothelial cells (Lee et al., 2006a) and the interac-
tion between monocytes and endothelial cells, resulting in an
increase in transmigration of circulating monocytes to the intima.
The migrated monocytes mature to macrophages, take up lipids, and
become foam cells, leading to inflammatory gene expression and
atheroma plaque formation (Libby et al., 2009). The expression of the
inflammatory genes is tightly regulated by activation of the transcrip-
tion factor nuclear factor-kB (NF-kB), suggesting that NF-kB activa-
tion is a critical step in the pathogenesis of atherosclerosis.

Rubus species, including Rubus coreanus and Rubus rigidus,
have been traditionally used as a therapeutic medicine in Asian
and Western countries for inflammatory diseases, such as athero-
sclerosis (Ferreira et al., 2011; Guarrera, 2005; Patel et al., 2004;
Yang et al., 2008). Recent studies demonstrate that the fruits of
Rubus species significantly reduce the plasma levels of triglycer-
ides, total cholesterol, and LDL-C in hypercholesterolemia animals
and reduce the anti-inflammatory effects of immune-activated
macrophages (Ferreira et al., 2011; Park et al., 2006). Of several
compounds isolated from Rubus species, ellagic acid is a well-
identified bioactive component, which regulates oxidized LDL
(oxLDL) uptake and cholesterol efflux in murine macrophages
(Park et al., 2011a,b) and inhibits NF-kB-mediated inflammation
(Lee et al., 2010). Some herbal medicines or natural products
prevent inflammatory diseases, including atherosclerosis, by
inducing Nrf2-dependent phase II antioxidant enzymes and
proteins, such as heme oxygenase (HO-1), glutamate cysteine
ligase (GCL), and peroxiredoxin 1 (Prx1). The phase II gene
products are critically involved in regulation of NF-kB activation,
which is a key step in the pathogenesis of atherogenesis
(Kim et al., 2008a, 2008b, 2012). Thus, the herbal medicines,
which induce phase II genes, can be considered an effective
anti-atherogenic strategy.

The quantity of bioactive components in plants used for herbal
medicine is dependent on agronomical factors, weather condition,
and the degree of fruit ripening. Indeed, unripe Rubus coreanus

fruits elicit a strong inhibitory effect on the production of
inflammatory mediators, whereas its ripe fruit extract had a weak
inhibitory effect (Yang et al., 2008). The ethanol extract of the
unripe fruits has been shown to contain about 4.1 mg/g extract of
ellagic acid, a major bioactive compound, which is much higher
than in its ripe fruit extract (Yang et al., 2008). Based on these
evidences, we hypothesized that unripe Rubus coreanus fruit
extract (URFE) can prevent the pathogenesis of atherosclerosis
by improving blood lipid profile and suppressing inflammatory
processes. We here found that URFE decreased high fat diet-
induced atherosclerosis by lowering blood lipid level and inhibit-
ing NF-kB-mediated inflammatory gene expression via induction
of Nrf2-dependent phase II genes.
2. Material and methods

2.1. Reagents

Dulbecco0s modified Eagle0s medium (DMEM), penicillin, and
streptomycin were purchased from Life Technology Inc. (Rockville,
MD). Antibodies for p-IkBa (sc-7977), IkBa, NF-kB p65, iNOS,
TNF-a, and IL-1b were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies for HO-1, Prx1, and p-IKKab, and Nrf2
were obtained from Cell Signaling Technology (Beverly, MA). Prx1
siRNA was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
U0126, Wortmannin, and PD98059 were purchased from Calbio-
chem (La Jolla, CA). URFE was obtained from Gochang Black
Raspberry Research Institute (Jeollabuk-do, Korea). The unripe fruits
of Rubus coreanus Miquel were collected in the Gochang area of
Jeollabuk-do (Korea) and used for extraction as previously described
(Bhandary et al., 2012). URFE was prepared by pulverizing and
extracting the unripe fruits (100 g) with 1 l of distilled water at
100 1C using a reflux condenser. Then, the extract was filtered and
concentrated. The concentrate was lyophilized in a freeze-dryer and
stored at �20 1C until use. The yield of dried extract from starting
dried fruits was approximately 5.1%, and its phytochemical com-
pound profile has been previously reported (Bhandary et al., 2012).
Other chemicals were purchased from Sigma (St. Louis, MO).

2.2. Cell culture

The immortalized murine macrophage RAW264.7 cells were
obtained from the American Type Culture Collection (Manassas, VA)
and cultured in DMEM (2 mM L-glutamine, 100 units/ml penicillin,
100 mg/ml streptomycin) containing 5% fetal bovine serum (Hyclone
Labs, Logan, UT) at 37 1C in 5% CO2/95% air. Cells were pretreated
with URFE for 4 h and stimulated with LPS (100 ng/ml). For assaying
the role of phase II genes in anti-inflammatory effect, cells were
transfected with 80 nM Prx1 siRNA for 24 h using Lipofectamine
reagent (Invitrogen) and treated with 20 mM tin protoporphyrin IX
(SnPP), 20 mM buthionine sulfoximine (BSO), and triple combination
(TC) of Prx1 siRNA, SnPP, and BSO for 4 h before stimulation with
100 ng/ml LPS. Peritoneal macrophages were collected from the
peritoneal cavity of 7-week-old male C57BL/6 J mice (Jackson Labora-
tory) given an i.p. injection of 1.5 ml of 4% thioglycollate broth 7 days
before harvest. Cells were cultured in 96-well plates (4�105 cells/
well) at 37 1C in 5% CO2/95% air overnight.

2.3. Western blot analysis

Whole-cell lysates as well as cytosolic and nuclear fractions
were prepared as previously described (Lee et al., 2006b). Protein
(40 mg) were separated on SDS-PAGE and transferred onto nitro-
cellulose membranes. The membranes were blocked with 5%
nonfat-dried milk and sequentially hybridized with primary and
secondary antibodies against target proteins. Protein bands were
visualized by incubating membranes with chemiluminescent
solution for 2 min and exposing to X-ray film.

2.4. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAs were obtained from macrophages and tissues using
Trizol reagents (Life Technology Inc., USA). RT-PCR was performed as
described in a previous method (Lee et al., 2006a). After cDNA was
synthesized from 5 mg mRNA using reverse transcriptase, PCR was
performed in 50 mM KCl, 10 mM Tris–HCl (pH 8.3), 1.5 mM MgCl2,
0.2 mM dNTPs, 2.5 units of Taq DNA polymerase, and 0.1 mM each
target primer. Amplification conditions were as follows: denaturation
at 94 1C for 5 min for the first cycle and for 45 s starting from the
second cycle, annealing of HO-1, GCL-catalytic subunit (GCLC), GCL-
modifier subunit (GCLM), and actin at 56 1C for 30 s, annealing of
iNOS at 65 1C for 1 min, and annealing of Prx1, IL-1b, and TNF-a at
51 1C for 45 s, and extension at 72 1C for 45 s for 30 cycles. Final
extension was performed at 72 1C for 10 min. The PCR products were
separated on a 1% agarose gel and stained with ethidium bromide.
The primers used were designed as previously described (Kim et al.,
2012) and as follows: 50-GGCCCTGGAAGAGGAGATA-30 (sense) and
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50-GCTGGATGTGCTTTTGGTG-30 (antisense) for the HO-1, 50-
CTTTTGTGTGTCCCACGGAG-30 (sense) and 50-TGGGTGTGTTAATC-
CATGCC-30 (antisense) for the Prx1, 50-CACTGCCAGAACACAGACCC-
30 (sense) and 50-ATGGTCTGGCTGAGAAGCCT-30 (antisense) for the
GCLC, 50-GGGCACAGGTAAAACCCAAT-30 (sense) and 50-GCTTCCT
GGAAACTTGCCTC-30 (antisense) for the GCLM, 50-TTTGGAGCAGAAG
TGCAAAGTCTC-30 (sense) and 50-GATCAGGAGGGATTTCAAAGACCT-30

(antisense) for the iNOS, 50-ATGAGCACAGAAAGCATG-30 (sense) and
50-TCACAGAGCA ATGACTCC-30 (antisense) for the TNF-a, 50- ATGG-
CAACTGTTCCTGAAC-30 (sense) and 50-TTAGGAAGACACGGATTC-30

(antisense) for the IL-1b, and 50-TCCTTCGTTGCCGGTCCA CA-30

(sense) and 50-CGTCTCCGGAGTCCATCACA-30 (antisense) for the
b-actin.

2.5. Analyses of NF-kB and Nrf2 activation pathways

Macrophages were pretreated with URFE and inhibitors (BSO,
SnPP, and Prx1 siRNA) and then stimulated with LPS for 30 min in
the presence or absence of the proteosomal enzyme inhibitors
and 5 mM MG132. Phosphorylation of IKKab and IkB and nuclear
translocation of the NF-kB p65 subunit were examined by
Western blotting and immunocytochemical methods as described
previously (Na et al., 2006). For assay for promoter activity, cells
were transfected with piNOS-Luc or pGL3-HO-1-Luc in combina-
tion with pcDNA3-b-galactosidase for 24 h using a lipofectamine
method as described previously (Na et al., 2006). The cells were
incubated overnight in fresh medium and pretreated with various
inhibitors, followed by URFE alone for 12 h or stimulation with
LPS for 12 h after pre-exposure to URFE for 4 h. Luciferase activity
was measured in cell lysates by luminometer. Relative luciferase
activity was calculated by normalization with b-galactosidase.

2.6. Animal experiments

Male C57BL/6 J mice (6–7 weeks old) were obtained from
Orient Bio Inc. (Sungnam, Korea) and maintained at the specific
pathogen-free housing facility. All procedures performed on these
animals were in accordance with the guidelines of the University
Animal Care and Use Committee. Mice were divided randomly
into three groups (n¼24): (1) normal diet (ND), (2) high-fat diet
(HFD), and (3) HFD supplemented with URFE (1.67 g/kg of diet).
This dose was decided based on experimental results from
Clinical Trial Center for Functional Foods, Chonbuk National
University Hospital. HFD obtained from OrientBio (Sungnam,
Korea) contains 0.15% cholesterol, 24% fat and 0.05% sodium
cholate. Mice were housed under 12 h light/12 h dark conditions.
The mice were given water and food ad libitum for 14 weeks.
Bedding was changed once a week, and the temperature and
humidity were controlled. Body weights and food intake were
measured weekly at regular times.

2.7. Histological examinations

Fatty streak lesions were quantified by evaluation of lesion size in
the aortic sinus as previously described (Nam et al., 2005) with minor
modifications. Briefly heart and aorta were perfused with phosphate-
buffered saline (PBS) for 10 min, perfused with 4% paraformaldehyde
for 5 min, and were then promptly removed. After fixation for 1 day
in 10% buffered neutral formalin, samples were embedded in OCT
medium (Life Science International, UK) and frozen at �70 1C. Hearts
were consecutively sectioned at thickness of 5 mm thickness from the
aorta sinus using a cryostat at �20 1C and recognized as the cusps of
three aortic valves at the junction of the aorta and the left ventricle.
Sections were stained by the oil red O method and counterstained
with Harris hematoxylin. Fatty streak lesions were measured by
computer-assisted morphometry (Image-Pro plus), and the average
lesion size of six sections at intervals of 30 mm was calculated for
each animal. For en face analysis, aortas were split longitudinally,
pinned onto flat black silicone plates, and fixed in 10% buffered
neutral formaldehyde in PBS overnight. Fixed aortas were stained
with oil red O for 4 h, washed with PBS briefly, and digitally
photographed at a fixed magnification. Total aortic areas and lesion
areas were calculated using Axio Vision software (Carl Zeiss, German).

2.8. Measurements of nitric oxide metabolites, cytokines, plasma

lipids, malondialdehyde (MDA), and reactive oxygen species (ROS)

Nitrite and nitrite plus nitrate (NOx), stable oxidized products of
NO, were measured in the culture media and sera using Griess
reagents and a reductase-based colorimetric assay kit (Alexis San
Diego, CA), respectively (Kim et al., 2008a). TNF-a and IL-1b levels
were determined using ELISA kits (R&D Systems). Whole blood
obtained from mice was centrifuged at 300� g for 10 min at room
temperature to remove the cells. The plasma was centrifuged at
13,000� g for 10 min at 4 1C to remove the chylomicrons. Plasma
lipid levels were measured using a 7020 Automatic Analyzer (Hitachi,
Japan). The plasma levels of lipid peroxidation were determined
by measuring thiobarbituric acid-reacting substances using MDA
standards as previously described (Chung et al., 2010). MDA concen-
trations were calculated based on its molecular coefficient of
1.56�105 M�1 cm�1. To evaluate superoxide production, peritoneal
macrophages (4�105 cells/well in 96-well plate) obtained from
C57BL/6 J mice were transfected with stimulated for 12 h with
100 ng/ml LPS in phenol red-free medium containing 100 mM
cytochrome c, 150 U/ml catalase, and 2 mM NG-monomethyl-L-argi-
nine in the presence or absence of 200 U/ml superoxide dismutase
(SOD). The culture media were monitored at A550 for SOD-inhabitable
cytochrome c reduction. The level of superoxide production
was calculated using a molar extinction coefficient (De550¼

21 mM�1 cm�1) for reduced-oxidized cytochrome c (Kim et al.,
1996).

2.9. Statistical analysis

All data are presented as the mean7standard deviation (S.D.) of
at least three independent experiments. One-way analysis of variance
was used to compare each parameter. Student0s t-test was also
performed to identify which group difference accounted for the
significant overall analysis of variance. Po0.05 was considered
statistically significant.
3. Results

3.1. URFE improves plasma lipid profile in hyperlipidemic mice

As shown in Table 1, HFD-fed mice increased the plasma levels
of triglyceride and TC, which were slightly reduced by supple-
ment of URFE (1.67 g/kg of diet). However, the supplementation
of URFE did not affect HFD-mediated elevation of plasma HDL-C
level. According to theoretical calculation of the plasma LDL-C
level, URFE significantly lowered the level of LDL-C elevated in
HFD-fed mice, resulting in an increase in HDL-C/LDL-C ratio.
These data suggest that URFE supplementation is capable of
improving the plasma lipid profile linked the pathogenesis of
atherosclerosis.

3.2. URFE prevents atherosclerotic lesion development

in mice fed a HFD

We investigated the functional role of URFE in the pathogen-
esis of atherosclerosis in mice fed a HFD supplemented with or
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without URFE for 14 weeks. The HFD mice showed a significant
elevation of lipid accumulation in the total lesion area in the en
face aorta compared with control mice, and this elevation was
reduced by treatment with URFE (Fig. 1A and B). In addition, mice
fed a HFD developed significant plaque lesions in the intima of
their aortic sinuses, compared with control mice, which were
statistically reduced by supplementation with URFE (Fig. 1C and
D). These results suggest that UREC prevents atherosclerotic
plaque formation.

3.3. URFE inhibits inflammation-associated gene expression

and lipid peroxidation in a hyperlipidemic mouse model

Atherosclerosis is regarded as a chronic inflammatory disease by
elevation of inflammatory mediator production via activation of the
NF-kB signal pathway, and high fat diets have been demonstrated to
increase the plasma levels of NF-kB-mediated regulatory gene
product, such as TNF-a, IL-1b, and iNOS (Nam et al., 2005;
Baeuerle and Henkel, 1994). We investigated whether URFE reg-
ulates inflammatory mediator production in hyperlipidemic mice.
After 14 weeks of diet feeding, the HFD mice weighed significantly
more than control animals, while there was no significant difference
in weight gain between HFD and HFD/URFE groups (Fig. 2A),
suggesting that URFE did not alter metabolic rate of mice. Under
the same experimental conditions, the expression levels of iNOS,
TNF-a, and IL-1b were elevated in aortic tissues from mice fed a
HFD, and these elevations were suppressed by supplementation
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Table 1
Effect of URFE supplementation on plasma lipid levels in hyperlipidemic mice.

Groups ND HFD

Control URFE

TC 106.077.5 181.6710.9 141.4717.1n

HDL-cholesterol 63.577.0 79.0717.9 86.078.4

LDL-cholesterol 4.671.0 32.273.7 10.372.9nn

Triglyceride 91.7712.7 129.8718.8 110.2710.9

All values are expressed as mean7SD (mg/dl) from eight mice.
n po0.05.
nn po0.01.
with URFE (Fig. 2B). As expected, the plasma levels of NOx, TNF-a,
and IL-1b were significantly increased in hyperlipidemic mice, and
these increases were inhibited by URFE (Fig. 2C and E). Oxidative
modification of LDL has been hypothesized to play a key role in the
pathogenesis of atherosclerosis (Steinberg, 1997). We next exam-
ined the effect of URFE supplementation on blood lipid peroxidation
in mice fed a HFD for 14 weeks. A significant increase in MDA, a
byproduct of lipid peroxidation, was observed in blood plasma from
HFD-fed mice as compared with control group, and this increase
was inhibited by supplementation with URFE (Fig. 2F).

3.4. URFE inhibits LPS-induced inflammatory gene expression

in macrophages

Monocytes/macrophages infiltrate atherosclerotic lesion areas
and increase inflammation-associated gene expression, which are
major contributors to the development and progression of ather-
osclerosis (Nam et al., 2005). As such, we next investigated the
effects of pre- or co-treated URFE on inflammatory gene expres-
sion in LPS-stimulated RAW264.7 macrophages as an in vitro
model of atherosclerotic inflammation. Pre-treatment of cells
with URFE effectively attenuated LPS-mediated production of
nitrite, a stable oxidized product of NO, compared with co-
treatment with URFE (Fig. 3A). Similar results were observed in
the expression levels of iNOS protein and mRNA (Fig. 3B).
Furthermore, pre-treatment with URFE inhibited LPS-induced
increases in TNF-a and IL-1b mRNA levels and their secreted
protein levels, while co-treatment exhibited less effects (Fig. 3C
and D). These results suggest that the higher anti-inflammatory
effect induced by pre-treatment with URFE than its co-treatment
may be due to combination of its direct action and indirect effect
via expression of anti-inflammatory genes.

3.5. URFE elicits antioxidant action via induction of phase II genes

Various herbal medicines have been shown to induce certain
protective genes, including Nrf2-dependent phase II genes, which
regulate NF-kB-dependent pro-atherogenic and pro-inflammatory
genes (Li et al., 2008). We first examined the activation of ERK and
Akt, both of which are major signaling enzymes involved in Nrf2-
dependent phase II gene expression. Treatment with URFE resulted in
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an increase in phosphorylation-dependent activation of ERK, but not
Akt, and this increase was significantly blocked by a MEK inhibitor
(PD98059), but not a PI3K inhibitor (Wortmannin) (Fig. 4A). In
addition, URFE increased Nrf2 protein levels, compared with
untreated control, and this increase was significantly blocked by an
ERK inhibitor (U0126), but not by a PI3K inhibitor (Wortmannin)
(Fig. 4B). Next, we examined whether URFE regulates Nrf2 transloca-
tion into the nucleus, where it binds to the ARE element identified in
the promoter regions of several genes encoding phase II enzymes and
activates their transcriptional expression. Treatment with URFE
resulted in an increase in nuclear translocation of Nrf2 in
RAW264.7 cells, compared with untreated cells, and this increase
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was inhibited by U0126 (Fig. 4C). Moreover, URFE treatment sig-
nificantly increased the transcriptional activity of the ARE promoter
in a dose-dependent manner, and this activity was suppressed by
U0126 (Fig. 4D). We further examined the effect of URFE on Nrf2-
dependent phase II gene expression in peritoneal macrophages.
Treatment with URFE induced the expression of HO-1, Prx1, GCLC,
and GCLM as determined by Western blot and RT-PCR analyses
(Fig. 4E). In addition, URFE effectively suppressed intracellular ROS
accumulation in LPS-stimulated peritoneal macrophages (Fig. 4F).
This suppressive effect was reversed by co-treatment with inhibitors
of HO-1 (SnPP) and GCL (BSO) and transfection with Prx1 siRNA, as
well as synergistically attenuated by combinational treatment with
all these inhibitors (Fig. 4F). These results suggest that URFE promotes
MEK/ERK-mediated Nrf2 activation and subsequently increased
phase 2 gene expression, which regulates intracellular level of ROS,
acting as an intracellular signal molecule for activating the NF-kB
pathway.

3.6. Inhibition of phase II enzyme function reduces URFE-mediated

anti-inflammatory activity

We investigated whether the phase II gene products induced
by URFE would contribute to the regulation of inflammatory gene
expression using their inhibitors and siRNA. Treatment with SnPP
or BSO or transfection with Prx1 siRNA reduced the inhibitory
effects of URFE on LPS-mediated NO production, and this reduc-
tive effect was further increased by combinational treatment with
all these inhibitors (Fig. 5A). We next examined the functional
role of the phase II proteins in TNF-a expression in LPS-stimulated
RAW264.7 cells. The inhibitory potential of URFE for LPS-
mediated TNF-a production was also reversed by treatment with
SnPP, BSO and Prx1 siRNA, and this reverse effect was further
increased by combination with all the inhibitors (Fig. 5B). Similar
inhibitory effects of these inhibitors were also observed in LPS-
induced IL-1b production (Fig. 5C). Moreover, combinational
treatment with all three inhibitors significantly reversed URFE-
mediated suppressive effect on LPS-induced iNOS, TNF-a, and
IL-1b expression (Fig. 5D). These results suggest that these
phase II gene products are associated with the suppressive effect
of URFE on inflammatory gene expression in immune-activated
macrophages.

3.7. URFE inhibits NF-kB activation by elevating phase II gene

expression

Immune stimulants, including LPS, elicit the nuclear translocation
of NF-kB by promoting IKK-dependent phosphorylation and proteo-
somal degradation of IkBa (Traenckner et al., 1995). The regulatory
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effect of URFE on LPS-mediated IKK activation and IkBa degradation
was determined by Western blot analysis. Treatment with URFE
significantly inhibited phosphorylation of IKKab at serines 180/181
and IkBa at serine 32 in LPS-stimulated RAW264.7 cells, and this
effect was reversed by combinational treatment with SnPP, BSO, and
Prx1 siRNA (Fig. 6A). In addition, URFE inhibited LPS-induced IkBa
degradation, which was significantly attenuated by combinational
treatment with those inhibitors (Fig. 6A). Western blot and
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immunohistochemical analyses showed that URFE attenuated LPS-
induced nuclear translocation of the NF-kB subunit p65, thereby
retaining its cytosolic level, and this effect was effectively reversed
by combinational treatment with three inhibitors (Fig. 6B and C).
To further investigate the role of URFE-induced phase II gene
products in NF-kB-dependent gene transcription, we determined
promoter activity in RAW264.7 cells transfected with the vector
piNOS-Luc. Treatment with URFE effectively blocked LPS-induced
increase in iNOS promoter-derived luciferase activity, whose effect
was reversed by combinational treatment with those inhibitors
(Fig. 6D). These data suggest that URFE inhibits the expression of
inflammatory genes by suppressing NF-kB activation through the
induction of Nrf2-dependent phase II gene expression.

3.8. URFE promotes Nrf2-dependent antioxidant gene expression

in aortic tissues from hyperlipidemic mice

To investigate the role of phase II enzymes in URFE-mediated anti-
inflammatory and anti-atherosclerotic activity, we investigated the
effect of URFE on Nrf2-dependent gene expression in aortas of mice
fed a HFD for 14 weeks. RT-PCR analysis showed that HO-1, Prx1,
GCLC, and GCLM were slightly increased in aortas from hyperlipi-
demic mice as compared with those from control mice; however,
supplementation with URFE effectively elevated these gene expres-
sions (Fig. 7A). In addition, Western blot analysis further demon-
strated that protein levels of HO-1 and Prx1 were significantly
increased in vivo by administration with URFE (Fig. 7B).
4. Discussion

The unripe fruit of Rubus coreanus has been used in traditional
herbal medicine for the management of impotence, spermator-
rhea, enuresis, asthma, allergic diseases, and diabetes mellitus.
However, the effect of this fruit on the pathogenesis and devel-
opment of atherosclerosis have not been investigated. Athero-
sclerosis has been well known to be not only a lipid disorder, but
also a chronic inflammatory disease (Libby et al., 2009). This
study was undertaken to elucidate the pharmacological effect of
URFE on atherosclerotic development in hyperlipidemic mouse
model and its underlying mechanism in immune-activated
macrophages. We found that URFE showed HFD-induced signifi-
cant decrease in atherosclerotic lesion size by lowering plasma
lipid levels and suppressing inflammatory gene expression.
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In addition, URFE induced Nrf2 activation and phase II antioxidant
gene expressions in vitro and in vivo, including HO-1, GCL, and
Prx1, resulting in the suppression of LPS-induced NF-kB activa-
tion, ROS production, and inflammatory gene expression, which
were reversed by treatment with HO-1 and GCL inhibitors and
Prx1 siRNA. These results suggest that URFE can prevent athero-
sclerotic development by improving the blood lipid profile and
inhibiting NF-kB-mediated inflammatory gene expression via the
expression of phase II antioxidant genes (Fig. 8).

Hypercholesterolemia and hypertriglyceridemia are indepen-
dent risk factors that alone or together can accelerate the
development of atherosclerosis and progression of atherosclerotic
lesions (McKenney, 2001). Elevated LDL-C shows an increased risk
for cardiovascular diseases, and oxLDL has been identified as one
of the most important auto-antigens in atherosclerosis. However,
HDL-C may be protective by reversing cholesterol transport,
inhibiting the oxidation of LDL-C, and neutralizing the athero-
genic effects of oxLDL. Therefore, the strategies for reducing
triglyceride and LDL-C, increasing HDL-C, and preventing LDL
oxidation in blood plasma have been used for the treatment of
cardiovascular diseases, including atherosclerosis. Recent studies
demonstrated that some natural and herbal medicines prevent
the development of atherosclerosis by lowering the plasma lipid
levels and blocking the oxidation of LDL-C in a hyperlipidemic
model (Joo et al., 2010; Liu et al., 2009). These results indicate that
herbal medicines possessing lipid-lowering and antioxidant activ-
ities prevent the pathogenesis of atherosclerosis. In this study, we
found that URFE-supplemented diet prevented atherosclerotic
lesion development in HFD-fed mice group by decreasing the
plasma levels of TC and LDL-C, without changing HDL-C and
triglyceride levels, resulting in a decrease in LDL-C/HDL-C ratio.
The suppressive effect of URFE on blood levels of LDL-C, but not
triglyceride, may be due to inhibition of cholesterol biosynthesis
in hepatic cells (Bhandary et al., 2012). In addition, URFE supple-
mentation reduced lipid peroxidation, which is linked to a
causative factor of atherogenesis, probably by phase II antioxidant
gene expression. These data suggest that URFE has anti-
atherogenic effect by improving plasma lipid profile and prevent-
ing lipid peroxidation, such as oxLDL (Fig. 8).

The early stage of atherosclerosis is closely associated with the
inflammatory response of blood vessels to injury at the beginning
atherosclerotic plaque formation, leading to cardiovascular events
(Choi et al., 2003). Thus, inhibition of the inflammation response is
beneficial to coronary heart disease, especially in the early stages of
atherosclerosis (Ross, 1999). NF-kB is a critical transcription factor for
inducing cytokine-associated genes that are involved in the patho-
genesis of atherosclerosis. Therefore, NF-kB inhibitors, such as KR-
31378 and hematein (Kim et al., 2004; Choi et al., 2003), suppressed
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Fig. 8. Proposed anti-atherogenic mechanism induced by URFE.
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the development of atherosclerosis by inhibiting NF-kB-dependent
expression of inflammatory cytokines and adhesion molecules. Of the
NF-kB-dependent inflammatory genes, iNOS, TNF-a, and IL-1b play
an important role in vascular inflammation and the pathogenesis of
atherosclerosis. It has been shown that iNOS is present within human
atherosclerotic lesions and increases local concentrations of NO and
its oxidizing metabolites including peroxinitrite, which cause lipid
peroxidation and atherosclerotic lesion (Buttery et al., 1996). In fact,
iNOS-deficient mice significantly have been exhibit to reduce athero-
sclerotic lesion area compared with wild-type mice, suggesting that
iNOS-derived NO and its metabolites are important contributors to
lesion progression (Ihrig et al., 2001). Administration of the selective
iNOS inhibitor, ONO1714, revealed therapeutic effect on the devel-
opment of HFD-induced atherosclerosis (Hayashi et al., 2006). The
elevated levels of TNF-a and IL-1b in blood are highly correlated with
development of atherosclerosis and promote vascular inflammation
by up-regulating the expression of cell adhesion molecules, such as
selectins, ICAM-1, and VCAM-1, on endothelial cells, leading to the
attachment of monocytes/leukocytes to endothelium and subsequent
transmigration across the subendothelial basal lamina (Nam et al.,
2005; Lee et al., 2006a). We here found that treatment with URFE
effectively suppressed NF-kB activation and subsequent induction of
iNOS, TNF-a, and IL-1b in immune-stimulated macrophages. More-
over, administration of URFE decreased HFD-mediated expression of
iNOS, TNF-a, and IL-1b in a mouse model. These results suggest that
UECE suppresses vascular inflammation and atherosclerotic develop-
ment by inhibiting NF-kB-dependent gene expression (Fig. 8).

Many herbal medicines and natural products have shown not only
to induce Nrf2-mediated antioxidant enzymes/proteins, including
HO-1, but also to suppress the pro-inflammatory processes mediated
by NF-kB activation (Park et al., 2006; Kim et al., 2010). Although
some natural products directly inhibits the NF-kB signaling pathway
(Kim et al., 2008a; Na et al., 2006), many other compounds and herbal
products exhibit anti-inflammatory activity by inducing phase II gene
expression (Kim et al., 2010; Leung et al., 2011). Indeed, LPS-induced
NF-kB activation and inflammatory gene expression were suppressed
through the up-regulation of HO-1 expression by many natural
products and medicines, such as curcumin and stain (Kim et al.,
2008b; Leung et al., 2011). The HMG-CoA reductase antagonist statin,
which lowers blood LDL-C level, induced HO-1 expression in mouse
aortic endothelium and improved endothelial cell function, which is
responsible for suppressing NF-kB-mediated inflammatory action (Ali
et al., 2009; Leung et al., 2011). It indicates that in addition to
cholesterol-lowering properties, statin exhibits lipid-independent
anti-inflammatory activity. A recent study showed that the extract
of Rubus coreanus fruits can exert anti-inflammatory effects in
macrophages via activation of the HO-1 pathway, a typical phase II
enzyme (Park et al., 2006). Therefore, herbal products and medicines
can increase Nrf2-mediated antioxidant gene expression in parallel
with suppression of NF-kB-mediated inflammatory cytokines and
biomarkers (Li et al., 2008), indicating that there is potential cross-talk
between Nrf2 and NF-kB pathways. We here found that URFE
promoted Nrf2 activation and phase II gene expression (HO-1, GCL,
and Prx1) in macrophages, as well as suppressed LPS-induced
intracellular ROS accumulation, NF-kB activation, and inflammatory
gene expression, such as iNOS, TNF-a, and IL-1b. In addition, URFE-
mediated anti-inflammatory activities were reversed by treatment
with HO-1 and GCL inhibitors and Prx1 siRNA. These results suggest
that URFE-mediated anti-inflammatory activity is directly linked to
the suppression of NF-kB activation and atherosclerotic inflammation
via induction of Nrf2-dependent phase II gene expression.

Phase II enzymes protect cells from oxidative stress by inhibiting
ROS generation and scavenging intracellular ROS. Of the phase II
enzymes, HO-1 catalyzes heme to biologically active products:
carbon monoxide, biliverdin/bilirubin, and free iron. Bilirubin sup-
presses inflammatory response by acting as a potential antioxidant
(Willis et al., 1996). CO has been shown to strongly inhibit the
production of pro-inflammatory cytokines (Otterbein et al., 2000)
via suppression of NF-kB activation by inhibiting ROS generation
from mitochondria and NADPH oxidase (Piantadosi, 2008). On the
other hand, GCL, as the rate-limiting enzyme in glutathione bio-
synthesis, elevates intracellular GSH levels and redox potential,
which are likely to inhibit inflammation-associated gene expression
by blocking the redox-sensitive NF-kB activation pathway (Hayes
et al., 2005). Prx1 has been also shown to regulate NF-kB-dependent
inflammatory gene expression by scavenging intracellular ROS,
leading to the prevention of atherosclerosis (Kisucka et al., 2008).
These observations suggest that phase II enzymes can play an
important role in regulating NF-kB-mediated vascular inflammatory
at an early stage of atherosclerotic development. We here found that
URFE suppressed LPS-induced intracellular ROS levels and NF-kB
activation, which are reversed by treatment with HO-1 and GCL
inhibitors and Prx1 siRNA. In addition, URFE supplementation
increased phase II gene expression in aortic tissues from HFD-fed
mice, as well as decreased the plasma level of lipid peroxide, an
oxidative index and atherogenic factor, in HFD-fed mice. These data
suggest that URFE-induced antioxidant enzymes and proteins may
contribute to the prevention of atherosclerosis via the inhibition of
NF-kB activation and lipid peroxidation by decreasing intracellular
ROS level (Fig. 8).

Although ripe Rubus coreanus fruit extract has been shown to
exhibit anti-inflammatory activity (Park et al., 2006), several studies
demonstrated that URFE exerted higher suppressive effect on inflam-
matory gene expression than its ripe fruit extract (Yang et al., 2008).
Similarly, we found that treatment with URFE resulted in a signifi-
cantly higher increase in phase II gene expression than the ripe fruit
extract, which was inversely correlated with iNOS gene expression
(data not shown). In addition, URFE-mediated anti-inflammatory
effects were significantly, but not completely, inhibited by combina-
tional treatment with SnPP, BSO, and Prx1 siRNA induced the
expression of phase II genes. It suggests that there are two distinct
action mechanisms in URFE-induced anti-inflammatory activity, such
as direct inhibition and indirect suppression. Although we have not
studied the direct anti-inflammatory mechanism of URFE, this effect
is thought to be exerted by bioactive compounds in URFE. A major
active compound in the fruit of Rubus coreanus is ellagic acid, which is
significantly higher in its unripe fruits than the ripe ones (Yang et al.,
2008). It has been recently reported that URFE contains several
phenolic and flavonoid compounds. Ellagic acid (425 mg/500 mg)
and gallic acid (181 mg/500 mg) are expressed extremely higher in
URFE than other compounds (Bhandary et al., 2012). Ellagic acid and
several metabolites of gallic acid are shown to exert antioxidant and
anti-inflammatory properties (Lee et al., 2010; Na et al., 2006; Murase
et al., 1999). On the other hand, these compounds are able to exert an
indirect anti-inflammatory response, which is associated with phase
II gene expression (Park et al., 2011a,b; Hseu et al., 2012). We also
found that the inhibitory effect of URFE on LPS-induced inflammatory
gene expression was effectively blocked by treatment with HO-1 and
GCL inhibitors and Prx1 siRNA. These data suggest that both
compounds play an important role in URFE-mediated anti-inflamma-
tory activity. Therefore, our results indicate that URFE prevents
vascular inflammation and atherosclerotic lesion development by
inhibiting NF-kB-mediated inflammatory gene expression via induc-
tion of Nrf2-induced phase II genes.

In conclusion, URFE prevented atherosclerotic lesion development
by suppressing intracellular ROS levels, lipid peroxidation, and
NF-kB-mediated pro-atherogenic mediator production. These effects
were mediated via induction of phase II antioxidant gene expression
in immune-stimulated macrophages, as well as improving plasma
lipid profile mice. Therefore, URFE is beneficial in preventing hyperch-
olesterolemic atherosclerosis and reducing risk factors for coronary
artery disease.



S. Kim et al. / Journal of Ethnopharmacology 146 (2013) 515–524524
Acknowledgments

This work was supported by the National Research Foundation
of Korea (NRF) Grant funded by the Ministry of Education, Science
and Technology (2011-0028790) and the 2010 Region Agrifood
Lead Cluster Promotion Project through Gochang Black Raspberry
Research Institute and Gochang-gun, Korea.

References

Ali, F., Zakkar, M., Karu, K., Lidington, E.A., Hamdulay, S.S., Boyle, J.J., Zloh, M.,
Bauer, A., Haskard, D.O., Evans, P.C., Mason, J.C., 2009. Induction of the
cytoprotective enzyme heme oxygenase-1 by statins is enhanced in vascular
endothelium exposed to laminar shear stress and impaired by disturbed flow.
Journal Biological Chemistry 284, 18882–18892.

Baeuerle, P.A., Henkel, T., 1994. Function and activation of NF-kB in the immune
system. Annual Reviews of Immunology 12, 141–179.

Bhandary, B., Lee, G.H., Marahatta, A., Lee, H.Y., Kim, S.Y., So, B.O, Kwon, J.W., Song,
J.Y., Lee, H.K., Kim, H.R., Chae, S.W., Chae, H.J., 2012. Water extracts of
immature Rubus coreanus regulate lipid metabolism in liver cells. Biological
and Pharmaceutical Bulletin 35, 1905–1913.

Buttery, L.D., Springall, D.R., Chester, A.H., Evans, T.J., Standfield, E.N., Parums, D.V.,
Yacoub, M.H., Polak, J.M., 1996. Inducible nitric oxide synthase is present
within human atherosclerotic lesions and promotes the formation and activity
of peroxynitrite. Laboratory Investigation 75, 77–85.

Choi, J.H., Jeong, T.S., Kim, D.Y., Kim, Y.M., Na, H.J., Nam, K.H., Lee, S.B, Kim, H.C.,
Oh, S.R., Choi, Y.K., Bok, S.H., Oh, G.T., 2003. Hematein inhibits atherosclerosis
by inhibition of reactive oxygen generation and NF-kB-dependent inflammatory
mediators in hyperlipidemic mice. Journal of Cardiovascular Pharmacology 42,
287–295.

Chung, I.M., Kim, Y.M., Yoo, M.H., Shin, M.K., Kim, C.K., Suh, S.H., 2010. Immobi-
lization stress induces endothelial dysfunction by oxidative stress via the
activation of the angiotensin II/its type I receptor pathway. Atherosclerosis
213, 109–114.

Ferreira, de, Araujo, P.R., da Silva Santos, V., Rodrigues Machado, A., Gevehr
Fernandes, C., Silva, J.A., da Silva Rodrigues, R., 2011. Benefits of blackberry
nectar (Rubus spp.) relative to hypercholesterolemia and lipid peroxidation.
Nutrition Hospitalaria 26, 984–990.

Guarrera, P.M., 2005. Traditional phytotherapy in Central Italy (Marche, Abruzzo,
and Latium). Fitoterapia 76, 1–25.

Hayashi, T., Matsui-Hirai, H., Fukatsu, A., Sumi, D., Kano-Hayashi, H., Rani, P.J.A.,
Iguchi, A., 2006. Selective iNOS inhibitor, ONO1714 successfully retards the
development of high-cholesterol diet induced atherosclerosis by novel
mechanism. Atherosclerosis 187, 316–324.

Hayes, J.D., Flanagan, J.U., Jowsey, I.R., 2005. Glutathione transferases. Annual
Reviews of Pharmacology and Toxicology 45, 51–88.

Hseu, Y.C., Chou, C.W., Senthil Kumar, K.J., Fu, K.T., Wang, H.M., Hsu, L.S., Kuo, Y.H.,
Wu, C.R., Chen, S.C., Yang, H.L., 2012. Ellagic acid protects human keratinocyte
(HaCaT) cells against UVA-induced oxidative stress and apoptosis through the
upregulation of the HO-1 and Nrf-2 antioxidant genes. Food and Chemical
Toxicology 50, 1245–1255.

Ihrig, M., Dangler, C.A., Fox, J.G., 2001. Mice lacking inducible nitric oxide synthase
develop spontaneous hypercholesterolaemia and aortic atheromas. Athero-
sclerosis 156, 103–107.

Joo, I.W., Ryu, J.H., Oh, H.J., 2010. The influence of Sam-Chil-Geun (Panax
notoginseng) on the serum lipid levels and inflammations of rats with
hyperlipidemia induced by poloxamer-407. Yonsei Medical Journal 51,
504–510.

Kim, J., Nam, K.H., Kim, S.O., Choi, J.H., Kim, H.C., Yang, S.D., Kang, J.H., Ryu, Y.H.,
Oh, G.T., Yoo, S.E., 2004. KR-31378 ameliorates atherosclerosis by blocking
monocyte recruitment in hypercholestrolemic mice. FASEB Journal 18, 714–716.

Kim, J.H., Na, H.J., Kim, C.K, Kim, J.Y., Ha, K.S., Lee, H., Chung, H.T., Kwon, H.J., Kwon, Y.G.,
Kim, Y.M., 2008a. The non-provitamin A carotenoid, lutein, inhibits NF-kB-
dependent gene expression through redox-based regulation of the phosphatidyli-
nositol 3-kinase/PTEN/Akt and NF-kB-inducing kinase pathways: role of H2O2 in
NF-kB activation. Free Radical Biology and Medicine 45, 885–896.

Kim, K.M., Pae, H.O., Zhung, M., Ha, H.Y., Ha, Y.A., Chai, K.Y., Cheong, Y.K., Kim, J.M.,
Chung, H.T., 2008b. Involvement of anti-inflammatory heme oxygenase-1 in
the inhibitory effect of curcumin on the expression of pro-inflammatory
inducible nitric oxide synthase in RAW264.7 macrophages. Biomedicine &
Pharmacotherapy 62, 630–636.

Kim, JH, Choi, YK, Lee, KS, Baek, YY, Lee, DK, Ha, KS, Choe, JS, Won, MH, Jeoung, D,
Lee, H, Kwon, YG, Kim, YM., 2012. Functional dissection of Nrf2-dependent
phase II genes in vascular inflammation and endotoxemic injury using Keap1
siRNA. Free Radical Biology and Medicine 53, 629–640.

Kim, Y., Sung, J., Sung, M., Choi, Y., Jeong, H.S., Lee, J., 2010. Involvement of heme
oxygenase-1 in the anti-inflammatory activity of Chrysanthemum boreale
Makino extracts on the expression of inducible nitric oxide synthase in
RAW264.7 macrophages. Journal of Ethnopharmacology 131, 550–554.
Kim, Y.M., Hong, S.J., Billiar, T.R., Simmons, R.L., 1996. Counterprotective effect of
erythrocytes in experimental bacterial peritonitis is due to scavenging of nitric
oxide and reactive oxygen intermediates. Infection and Immunity 64,
3074–3080.

Kisucka, J., Chauhan, A.K., Patten, I.S., Yesilaltay, A., Neumann, C., Van Etten, R.A.,
Krieger, M., Wagner, D.D., 2008. Peroxiredoxin1 prevents excessive endothelial
activation and early atherosclerosis. Circulation Research 103, 598–605.

Lee, G., Na, H.J, Namkoong, S, Kwon, H.J., Han, S., Ha, K.S., Kwon, Y.G., Lee, H.,
Kim, Y.M., 2006a. 4-O-methylgallic acid down-regulates endothelial adhesion
molecule expression by inhibiting NF-kB-DNA-binding activity. European
Journal of Pharmacology 551, 143–151.

Lee, S.J., Namkoong, S., Kim, Y.M., Kim, C.K., Lee, H., Ha, K.S., Chung, H.T., Kwon,
Y.G., Kim, Y.M., 2006b. Fractalkine stimulates angiogenesis by activating the
Raf-1/MEK/ERK- and PI3K/Akt/eNOS-dependent signal pathways. American
Journal of Physiology Heart and Circulatory Physiology 291, H2836–H2846.

Lee, W.J., Ou, H.C., Hsu, W.C., Chou, M.M., Tseng, J.J., Hsu, S.L., Tsai, K.L., Sheu, W.H.,
2010. Ellagic acid inhibits oxidized LDL-mediated LOX-1 expression, ROS
generation, and inflammation in human endothelial cells. Journal of Vascular
Surgery 52, 1290–1300.

Leung, P.O., Wang, S.H., Lu, S.H., Chou, W.H., Shiau, C.Y., Chou, T.C., 2011.
Simvastatin inhibits pro-inflammatory mediators through induction of heme
oxygenase-1 expression in lipopolysaccharide-stimulated RAW264.7 macro-
phages. Toxicology Letters 207, 159–166.

Li, W., Khor, T.O., Xu, C., Shen, G., Jeong, W.S., Yu, S., Kong, A.N., 2008. Activation of
Nrf2-antioxidant signaling attenuates NF-kB-inflammatory response and
elicits apoptosis. Biochemical Pharmacology 76, 1485–1489.

Libby, P., Ridker, P.M., Hansson, G.K., 2009. Inflammation in atherosclerosis: from
pathophysiology to practice. Journal of American College of Cardiology 54,
2129–2138.

Liu, G., Wang, B., Zhang, J., Jiang, H., Liu, F., 2009. Total panax notoginsenosides
prevent atherosclerosis in apolipoprotein E-knockout mice: role of down-
regulation of CD40 and MMP-9 expression. Journal of Ethnopharmacology
126, 350–354.

McKenney, J.M., 2001. Pharmacotherapy of dyslipidemia. Cardiovascular Drugs
and Therapy 15, 413–422.

Murase, T., Kume, N., Hase, T., Shibuya, Y., Nishizawa, Y., Tokimitsu, I., Kita, T.,
1999. Gallates inhibit cytokine-induced nuclear translocation of NF-kB and
expression of leukocyte adhesion molecules in vascular endothelial cells.
Arteriosclerosis, Thrombosis and Vascular Biology 19, 1412–1420.

Na, H.J., Lee, G., Oh, H.Y., Jeon, K.S., Kwon, H.J., Ha, K.S., Lee, H., Kwon, Y.G., Kim, Y.M.,
2006. 4-O-Methylgallic acid suppresses inflammation-associated gene expres-
sion by inhibition of redox-based NF-kB activation. International Immunophar-
macology 6, 1597–1608.

Nam, K.W., Kim, J., Hong, J.J., Choi, J.H., Mar, W., Cho, M.H., Kim, Y.M., Oh, S.R., Lee, H.K.,
Nam, K.H., Oh, G.T., 2005. Inhibition of cytokine-induced IkB kinase activation as a
mechanism contributing to the anti-atherogenic activity of tilianin in hyperlipi-
demic mice. Atherosclerosis 180, 27–35.

Otterbein, L.E., Bach, F.H., Alam, J., Soares, M., Tao, Lu, H., Wysk, M., Davis, R.J.,
Flavell, R.A., Choi, A.M., 2000. Carbon monoxide has anti-inflammatory effects
involving the mitogen-activated protein kinase pathway. Nature Medicine 6,
422–428.

Park, J.H., Oh, S.M., Lim, S.S., Lee, Y.S., Shin, H.K., Oh, Y.S., Choe, N.H., Park, J.H., Kim, J.K.,
2006. Induction of heme oxygenase-1 mediates the anti-inflammatory effects of
the ethanol extract of Rubus coreanus in murine macrophages. Biochemical and
Biophysical Research Communications 351, 146–152.

Park, S.H., Kim, J.L., Lee, E.S., Han, S.Y., Gong, J.H., Kang, M.K., Kang, Y.H., 2011a.
Dietary ellagic acid attenuates oxidized LDL uptake and stimulates cholesterol
efflux in murine macrophages. Journal of Nutrition 141, 1931–1937.

Park, P.H., Hur, J., Kim, Y.C., An, R.B., Sohn, D.H., 2011b. Involvement of heme
oxygenase-1 induction in inhibitory effect of ethyl gallate isolated from Galla
Rhois on nitric oxide production in RAW 264.7 macrophages. Archives of
Pharmacal Research 34, 1545–1552.

Parthasarathy, S., Barnett, J., Fong, L.G., 1990. High-density lipoprotein inhibits the
oxidative modification of low-density lipoprotein. Biochimica et Biophysica
Acta 1044, 275–283.

Patel, A.V., Rojas-Vera, J., Dacke, C.G., 2004. Therapeutic constituents and actions of
Rubus species. Current Medicinal Chemistry 11, 1501–1512.

Piantadosi, C.A., 2008. Carbon monoxide, reactive oxygen signaling, and oxidative
stress. Free Radical Biology and Medicine 45, 562–569.

Ross, R., 1999. Atherosclerosis-an inflammatory disease. New England Journal of
Medicine 340, 115–126.

Steinberg, D., 1997. Oxidative modification of LDL and atherogenesis. Circulation
95, 1062–1071.

Traenckner, E.B., Pahl, H.L., Henkel, T., Schmidt, K.N., Wilk, S., Baeuerle, P.A., 1995.
Phosphorylation of human IkB-a on serines 32 and 36 controls IkB-a
proteolysis and NF-kB activation in response to diverse stimuli. EMBO Journal
14, 2876–2883.

Willis, D., Moore, A.R., Frederick, R., Willoughby, D.A., 1996. Heme oxygenase: a
novel target for the modulation of the inflammatory response. Nature
Medicine 2, 87–90.

Yang, H.M., Oh, S.M., Lim, S.S., Shin, H.K., Oh, Y.S., Kim, J.K., 2008. Antiinflammatory
activities of Rubus coreanus depend on the degree of fruit ripening. Phytother-
aphy Research 22, 102–107.


	Aqueous extract of unripe Rubus coreanus fruit attenuates atherosclerosis by improving blood lipid profile and inhibiting...
	Introduction
	Material and methods
	Reagents
	Cell culture
	Western blot analysis
	Reverse transcription-polymerase chain reaction (RT-PCR)
	Analyses of NF-kappaB and Nrf2 activation pathways
	Animal experiments
	Histological examinations
	Measurements of nitric oxide metabolites, cytokines, plasma lipids, malondialdehyde (MDA), and reactive oxygen species...
	Statistical analysis

	Results
	URFE improves plasma lipid profile in hyperlipidemic mice
	URFE prevents atherosclerotic lesion development in mice fed a HFD
	URFE inhibits inflammation-associated gene expression and lipid peroxidation in a hyperlipidemic mouse model
	URFE inhibits LPS-induced inflammatory gene expression in macrophages
	URFE elicits antioxidant action via induction of phase II genes
	Inhibition of phase II enzyme function reduces URFE-mediated anti-inflammatory activity
	URFE inhibits NF-kappaB activation by elevating phase II gene expression
	URFE promotes Nrf2-dependent antioxidant gene expression in aortic tissues from hyperlipidemic mice

	Discussion
	Acknowledgments
	References




