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Hyperoside Inhibits High-Glucose-Induced Vascular
Inflammation In Vitro and In Vivo

Sae-Kwang Ku,' Soyoung Kwak,> O-Jun Kwon,® and Jong-Sup Bae>*

Abstract—Hyperoside, an active compound from the genera of Hypericum and Crataegus, was reported
to have antioxidant, antihyperglycemic, anticancer, anti-inflammatory, and anticoagulant activities. V-
ascular inflammatory process has been suggested to play a key role in initiation and progression of at-
herosclerosis, a major complication of diabetes mellitus. Thus, in this study, we attempted to determine
whether hyperoside can suppress vascular inflammatory processes induced by high glucose (HG) in
human umbilical vein endothelial cells (HUVECs) and mice. Data showed that HG induced markedly
increased vascular permeability, monocyte adhesion, expressions of cell adhesion molecules (CAMs),
formation of reactive oxygen species (ROS), and activation of nuclear factor (NF)-kB. Remarkably, all
of the above-mentioned vascular inflammatory effects of HG were attenuated by pretreatment with h-
yperoside. Vascular inflammatory responses induced by HG are critical events underlying development
of various diabetic complications; therefore, our results suggest that hyperoside may have significant

therapeutic benefits against diabetic complications and atherosclerosis.
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INTRODUCTION

Diabetes mellitus is an endocrine disorder that is
characterized by hyperglycemia resulting from a defect in
insulin secretion, insulin action, or both [1], and hypergly-
cemia is one of the major risk factors in the development of
atherosclerotic heart diseases [2]. Diabetes is a major threat
to global public health that is rapidly getting worse and has
the biggest impact on adults of working age in developing
countries [3]. Although diabetes is often not recorded as
the cause of death, globally, it is believed to be the fifth
leading cause of death in 2000 after communicable dis-
eases, cardiovascular disease, cancer, and injuries [4].
There are an estimated 366 million people with diabetes
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in the world, of whom about 80 % reside in developing
countries, and this is expected to rise to 552 million by
2030 [1]. The number of cases of non-insulin-dependent
diabetes mellitus (type 2) has increased dramatically due to
the changes in lifestyle, increasing prevalence of obesity,
and aging of populations. The most disturbing trend is a
shift in age of onset of diabetes to a younger age in recent
years [1]. It can be managed by exercise, diet, and chemo-
therapy. In modern medicine, no satisfactory effective ther-
apy is still available to cure diabetes mellitus [5]. However,
the pharmaceutical drugs are either too expensive or have
undesirable side effects or contraindications [6]. Therefore,
the search for more effective and safer hypoglycemic
agents has continued to an area of active research. Many
indigenous medicinal plants have been found to be useful
to successfully manage diabetes, and some of them have
been tested and their active ingredients isolated [7]. The
World Health Organization (WHO) has also recommended
the evaluation of the plants’ effectiveness and conditions
where we lack safe modern drugs [8].

The search for anti-inflammatory agents from natural
herbal medicines has attracted considerable interest [9].
After screening several dozen of commonly used herbs,
we found that compounds from herbal medicines efficient-
ly exhibited anti-inflammatory responses [10]. Flavonoids
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are naturally occurring low molecular weight and polyphe-
nolic compounds distributed in fruits, vegetables, plants,
and plant-based foods that possess potent biological effects
including cytoprotective, antioxidant, antiplatelet, anti-
thrombotic, and anticarcinogenic activities [11, 12]. Flavo-
noids display a variety of anti-inflammatory properties,
some of which are suggested to affect the function of
immune system [13]. Hyperoside is a flavonol glycoside
mainly found in the genera of Hypericum and Crataegus
[14]. Pharmacological investigation demonstrated that
hyperoside had a variety of biological activities, such as
antioxidant [15], antihyperglycemic [16], anticancer [17],
anti-inflammatory [18], and cardioprotective activities
[19]. Recently, we reported that hyperoside was reported
to have an anticoagulant effect [20]. However, no studies
on high-glucose-induced inflammatory responses of
hyperoside have been reported. Therefore, in the current
study, we attempted to determine whether hyperoside
could suppress the vascular inflammatory process induced
by high glucose (HG) in primary-cultured human endothe-
lial cells and in mice.

MATERIALS AND METHODS

Reagents

Hyperoside, rutin, quercetin, quercitrin, D-glucose, L-
glucose, D-mannitol, Evans blue, 2-mercaptoethanol, and
antibiotics (penicillin G and streptomycin) were purchased
from Sigma (St. Louis, MO, USA). Fetal bovine serum
(FBS) and Vybrant DiD were purchased from Invitrogen
(Carlsbad, CA, USA).

Cell Culture

Primary human umbilical vein endothelial cells
(HUVECs) were obtained from Cambrex Bio Science
(Charles City, IA, USA) and maintained as described pre-
viously [21]. Briefly, the cells were cultured to confluency
at 37 °C and 5 % CO, in EBM-2 basal media supplement-
ed with growth supplements (Cambrex Bio Science). THP-
1 cells, a monocyte cell line, were maintained as previously
described [22].

Animals and Husbandry

Male C57BL/6 mice (6—7-week-old, weighting 18—
20 g) purchased from Orient Bio Co. (Sungnam, Kyungki-
do, Republic of Korea) were used in this study after a 12-
day acclimatization period. The animals were housed five
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per polycarbonate cage under controlled temperature (20—
25 °C) and humidity (4045 %) and a 12:12 hour light/dark
cycle. The animals were supplied a normal rodent pellet
diet and water ad libitum during acclimatization. All ani-
mals were treated in accordance with the Guidelines for the
Care and Use of Laboratory Animals issued by
Kyungpook National University.

Cell Viability Assay

Microculture tetrazolium test (MTT) was used as an
indicator of cell viability. Cells were grown in 96-well
plates at a density of 5x10° cells/well. After 24 h, the
cells were washed with fresh medium, followed by
treatment with hyperoside. After a 48-h incubation
period, the cells were washed, and 100 pl of MTT (1 mg/
ml) was added, followed by incubation for 4 h. Finally,
DMSO (150 ul) was added in order to solubilize the
formazan salt formed, and the amount of formazan salt
was determined by measuring the OD at 540 nm using a
microplate reader (Tecan Austria GmbH, Austria).

Permeability Assay In Vitro

Endothelial cell permeability in response to increas-
ing concentrations of hyperoside was quantified by spec-
trophotometric measurement of the flux of Evans blue dye-
bound albumin across functional cell monolayers using a
modified two-compartment chamber model. HUVECs
were plated (5x 10%/well) in 3-pum pore size, 12-mm
diameter Transwell inserts for 3 days. Confluent
monolayers were incubated with increasing
concentrations of hyperoside for 6 h followed by
incubation with indicated concentrations of HG for 24 h.
Then, the Transwell inserts were washed with phosphate-
buffered saline (PBS) (pH 7.4), followed by addition of
0.5 ml of Evans blue (0.67 mg/ml) diluted in growth
medium containing 4 % bovine serum albumin (BSA).
Fresh growth medium was then added to the lower
chamber, and the medium in the upper chamber was
replaced with Evans blue/BSA. Ten minutes later, optical
density was measured at 650 nm in the lower chamber.

Permeability Assay In Vivo

Mice were pretreated with intravenous administration
of hyperoside (18.6 or 46.4 nug/mouse), and after 6 h, 1 %
Evans blue dye solution in normal saline was administered
by intravenous injection in each mouse immediately
followed by an intravenous injection of HG (9 mg/kg).
Thirty minutes later, the mice were sacrificed, and the
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peritoneal exudates were collected after being washed with
5 ml of normal saline and centrifuged at 200xg for 10 min.
The absorbance of the supernatant was read at 650 nm.
Vascular permeability was expressed in terms of dye (pg/
mouse), which leaked into the peritoneal cavity according
to a standard curve of Evans blue dye, as previously
described [23, 24].

Expression of Cell Adhesion Molecules (CAMs)

Expression of vascular cell adhesion molecule-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1),
and E-selectin was determined by whole-cell enzyme-
linked immunosorbent assay (ELISA). Briefly, HUVEC
monolayers were treated with hyperoside at the indicated
concentrations for 6 h, followed by treatment with HG
(25 mM) for 24 h, and fixed in 1 % paraformaldehyde.
After washing three times, mouse antihuman monoclonal
antibodies (VCAM-1, ICAM-1, and E-selectin; Temecula,
CA, USA, 1:50 each) were added, and cells were incubated
for 1 h (37 °C, 5 % CO,). The cells were then washed,
treated with peroxidase-conjugated anti-mouse IgG anti-
body (Sigma, St. Louis, MO) for 1 h, washed three times,
and then developed using o-phenylenediamine substrate
(Sigma, St. Louis, MO). All measurements were per-
formed in triplicate wells.

Cell-Cell Adhesion Assay

Adherence of monocytes to endothelial cells was
evaluated by fluorescent labeling of monocytes. Briefly,
monocytes were labeled with 5-uM Vybrant DiD for
20 min at 37 °C in phenol red-free RPMI containing 5 %
fetal bovine serum. Following two washing steps, the cells
(1.5x10%ml, 200 pl/well) were resuspended in adhesion
medium (RPMI containing 2 % fetal bovine serum and
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)) and added to confluent monolayers of
HUVECs in 96-well plates, which were treated for 6 h
with hyperoside followed by HG (25 mM for 24 h).
Fluorescence of labeled cells was measured (total signal)
using a fluorescence microplate reader (Tecan Austria
GmbH, Austria). After incubation for 1 h at 37 °C, non-
adherent cells were removed by washing four times with
prewarmed RPMI, and the fluorescent signals of adherent
cells were measured using the previously described
methods. The percentage of adherent monocytes was
calculated using the formula: %adherence=(adherent
signal/total signal)x 100 as described [25, 26].
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RNA Preparation and Real Time qRT-PCR

HUVECs were grown in six-well plates and incubated
with hyperoside for 6 h, followed by HG 25 mM for 24 h.
The High Pure RNA Isolation Kit, from Roche Diagnostics,
was used for the isolation of RNA from cell cultures, and
RNA quality was tested by measuring the ratio 260:280 nm in
a UV spectrophotometer. For each sample, 0.5 pg of total
RNA was reverse transcribed into complementary DNA
(cDNA) using the Transcriptor First Strand cDNA Synthesis
Kit (Roche Diagnostics).

Real-time PCR analysis was performed using the
LightCycler® 96 System (Roche Diagnostics, Mannheim,
Germany) using FastStart Essential DNA Green Master
(Roche Diagnostics) according to the manufacturer’s in-
structions. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The relative
quantification of messenger RNA (mRNA) expression was
calculated as a ratio of the target gene to GAPDH. Specific
sense and antisense primers used were as follows, respec-
tively: monocyte chemoattractant protein-1 (MCP-1),
sense: 5'-TGCAGAGGCTCGCGAGCTA-3', antisense:
5'-CAGGTGGTCCATGGAATCCTGA-3'; 1L-8, sense:
5'-ACTGAGAGTGATTGAGAGTGGAC-3', antisense:
5'-AACCCTCTGCACCCAGTTTTC-3'; GAPDH, sense:
5'-GTCTTCACTACCATGGAGAAGG-3', antisense: 5'-
TCATGGATGACCTTGGCCAG-3'".

H,0,; Release Assay

Extracellular production of H,0, was quantified
using the Amplex Red Hydrogen Peroxide Assay Kit
(Molecular Probes; Eugene, OR, USA) according to the
manufacturer’s recommendations. The cells were washed
twice with an ice-cold PBS and harvested by
microcentrifugation and resuspended in a Krebs-Ringer
phosphate glucose (KRPG) solution; 100 pl of the reaction
mixture (50-uM Amplex Red reagent containing 0.1 U/ml
HRP in KRPG) was added to each microplate well and
then prewarmed at 37 °C for 10 min. Then, the reaction
was started by the addition of the resuspended cells in 20 pl
of KRPG. Fluorescence readings became stable within
30 min of starting the reaction equipped for absorbance at
~560 nm (Multiskan, Thermo Labsystems Inc, Franklin,
MA, USA). A reagent H,O, standard curve was used for
the calculation of H,O, concentration.

Preparation of Cytoplasmic and Nuclear Extracts

The cells were harvested rapidly by sedimentation,
and nuclear and cytoplasmic extracts were prepared on ice,
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as previously described [27]. The cells were harvested and
washed with 1-ml buffer A (10 mM HEPES, pH 7.9,
1.5 mM MgCl,, 19 mM KCI) for 5 min at 600g. The cells
were resuspended in buffer A and then centrifuged at 600g
for 3 min, resuspended in 30-ul buffer B (20 mM HEPES,
pH 7.9, 25 % glycerol, 0.42 M NaCl, 1.5 mM MgCl,,
0.2 mM EDTA), rotated for 30 min at 4 °C, and then
centrifuged at 13,000g for 20 min. The supernatant was
used as a nucleus extract. The nucleus and cytosolic ex-
tracts were then analyzed for protein content using Brad-
ford assay.

Western Blotting

Total cell extracts were prepared by lysing the cells, and
protein concentration was determined using the Bradford
assay methods. Equal amounts of protein were separated by
SDS-PAGE (10 %) and electroblotted overnight onto an
Immobilon membrane (Millipore, Billerica, MA, USA).
The membranes were blocked for 1 h with 5 % low-fat
milk-powder TBS (50 mM Tris-HCIL, pH 7.5, 150 mM NaCl)
containing 0.05 % Tween 20 and then incubated with NF-xB
p65 for 1.5 h at room temperature (1:1000, Santa Cruz, CA,
USA), followed by incubation with horseradish-peroxidase-
conjugated secondary antibody and ECL detection according
to the manufacturer’s instructions.

Immunofluorescence Staining

HUVECs were grown to confluence on glass cover
slips coated with 0.05 % Poly-L-Lysine in complete media
containing 10 % FBS and maintained for 48 h. The cells
were then stimulated with HG (25 mM) for 1 h with or
without prior treatment with hyperoside for 2 h. After
several washes with PBS, the cells were fixed in 4 %
formaldehyde in PBS (v/v) for 15 min at room temperature,
and for immunostaining, the cells were permeabilized in
0.05 % Triton X-100 in PBS for 15 min and blocked in a
blocking buffer (5 % BSA in PBS) overnight at 4 °C. The
cells were incubated with primary rabbit monoclonal NF-
kB p65 antibody, anti-rabbit Alexa 488, overnight at 4 °C.
Nuclei were counterstained with 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI). The cells were then
visualized by confocal microscopy at a X63 magnification
(TCS-SP5, Leica Microsystems, Germany).

PHARMACOKINETIC PARAMETERS

After an intravenous penile vein injection of male
C57BL/6 mice with each flavonoid at 5 mg/kg,
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approximately 100 pl of blood was obtained from the tail
vein or oral administration immediately before and 5, 15,
30, 60, and 180 min after the administration of the dose.
Following the addition of 80 ul acetonitrile and internal
standard solution (reserpine), 10-pl plasma samples were
prepared by centrifugation of the blood at 13,000 rpm for
15 min at 4 °C; 2-pl supernatants were then injected into a
high-performance liquid chromatography (HPLC) column.
The pharmacokinetic parameters were determined using
the standard non-compartmental method. Serum AUC
was calculated using WinNonlin (version 2.0, Scientific
Consulting, KY, USA) with a log-linear trapezoidal
method.

The samples were analyzed using an Accela™ LC
system coupled to a TSQ Vantage triple quadrupole mass
spectrometer (Thermo Fisher Scientific Inc., USA)
equipped with a HESI-II Spray source. An ACE® 5C18
3-um (2.1x50 mm, ACE) column was used for the liquid
chromatography (LC) analysis. The mobile phases
consisted of LC grade® water containing 0.1 % formic
acid (A) and LC grade acetonitrile containing 0.1 % formic
acid (B). The initial composition was increased to 95 %
solvent (B) for 3 min. A gradient program was used for
HPLC at a flow rate of 230 ml/min. Electrospray ionization
was performed in a positive mode at a spray voltage of
3,500 V. Nitrogen was used as the sheath and auxiliary gas
at optimum values of 45 and 20 (arbitrary units), respec-
tively. Vaporizer and capillary temperatures were 150 and
300 °C, respectively. Multiple reaction monitoring (MRM)
detection was employed using nitrogen as the collision as
each transition monitored was 479 — 317 for isorhamnetin
3-0-galactoside, 465— 303 for hyperoside, and 609— 174
for reserpine (IS).

Statistical Analysis

Results are expressed as mean + standard error of
mean (SEM) of at least three independent experiments.
Statistical significance was determined using the analysis
of variance (ANOVA; SPSS, version 14.0, SPSS Science,
Chicago, IL, USA), and p values less than 0.05 (p<0.05)
were considered significant.

RESULTS AND DISCUSSION

In this study, the effects of hyperoside (Hyp, Fig. 1)
on HG-induced vascular inflammation were determined in
vitro and in vivo. The pharmacokinetic values in plasma of
hyperoside are shown in Table 1.
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Fig. 1. Structure of hyperoside.

Effects of Hyperoside on HG-Induced Disruption
of the Endothelial Barrier Function of HUVECs
and in Mice

Previous evidence has suggested that endothelial dys-
function and damage are the early steps in the pathophys-
iology of vascular complications in diabetes mellitus [28].
Hyperglycemia is the central-initiating factor for all types
of diabetic microvascular disease, and it may also be in-
volved in the pathogenesis of macrovascular complications
[28-30]. In addition, endothelial cell permeability is im-
paired in diabetes mellitus and may be increased by high
concentrations of extracellular glucose [31]. Leakage of
serum proteins, particularly albumin, through the endothe-
lium is observed in retinal vessels early in diabetes mellitus
[31, 32]. Increased endothelial cell permeability in larger
vessels leads to the development of interstitial edema and
may result in enhancement of cell proliferation and matrix
production [30]. Therefore, we first investigated the effects
of glucose on the albumin permeability of endothelial cells,
as shown in Fig. 2a. Treatment with HG (25 and 50 mM)
led to a rapid increase in endothelial cell permeability
(Fig. 2a). This effect began from 12 h after incubation

Table 1. Phamacokinetic Parameters of Hyperoside After Administration
of 5 mg/kg (N=5)

Parameters Intravenous injection Oral (per os)

AUC (ngh/ml) 152 1.7

Half-life (h) 1.6 1.2

Cinax 7.88 ug/ml (16.98 uM) ~ 2.51 pg/ml (5.41 uM)

AUC area under curve
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and reached its maximum at 24 h (Fig. 2b). A significant
increase was observed at a glucose concentration of
10 mM. Concentrations above 50 mM did not further
increase the glucose-induced permeability (data not
shown). L-glucose and D-Mannose (25 mM), which were
used as an osmotic control, had no significant effect on
endothelial cell permeability (Fig. 2a).

Next, we attempted to determine whether
hyperoside could alter HG-induced hyperpermeability.
Treatment with 50 uM hyperoside alone did not
result in alteration of barrier integrity (Fig. 2c). As
shown in Fig. 2c, treatment with hyperoside resulted
in a dose-dependent decrease in HG-mediated mem-
brane disruption. To confirm this vascular barrier
protective effect in vivo, HG-mediated vascular per-
meability in mice was assessed. As shown in Fig. 2d,
treatment with hyperoside resulted in markedly
inhibited peritoneal leakage of dye induced by HG.
Assuming that the average weight of a mouse was
20 g and the average blood volume was 2 ml, the
amount of hyperoside injected (4.6, 9.3, 18.6, or
46.4 ug per mouse) was equivalent to 5, 10, 20, or
50 puM in peripheral blood. To test the effects of
cellular viability of hyperoside, MTT assays were
performed in HUVECs treated with hyperoside for
24 h. At the concentrations used (up to 50 puM),
hyperoside did not affect cell viability (Fig. 2e). The-
se findings demonstrate inhibition of HG-mediated
endothelial disruption and maintenance of human en-
dothelial cell barrier integrity by hyperoside in mice
treated with HG. Therefore, prevention of HG-in-
duced hyperpermeability by hyperoside suggests the
potential of hyperoside in the treatment of vascular
inflammatory diseases.

Effects of Hyperoside on HG-Mediated Expression
of CAMs and THP-1 Adhesion

The two key early events in pathogenesis of athero-
sclerosis are the adhesion of monocytes to the endothelium
followed by the transmigration into the subendothelial
space and enhanced vascular cellular permeability [31,
33]. Increased leukocyte-endothelial interactions with
monocytes from in vivo and in vitro diabetes models have
been demonstrated [33, 34]. Of particular importance, the
hyperglycemia/HG-induced augmentation of leukocyte ad-
hesion to the endothelium through upregulation of cell
surface expression of CAMs and transendothelial migra-
tion (TEM) has been reported to be dependent on NF-«B
activation [35, 36]. In addition, CAMs are believed to
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Fig. 2. Effects of hyperoside on HG-mediated permeability in vitro and in vivo. a HUVECs were treated with D-glucose (0-50 mM), L-glucose (25 mM), and
D-mannitol (25 mM) for 24 h, and permeability was monitored by measuring the flux of Evans blue-dye-bound albumin across the HUVECs. b HUVECs
were treated with D-glucose (25 mM) for indicated time periods, and permeability was monitored. ¢ The effects of pretreatment with different concentrations
of hyperoside for 6 h on barrier disruptions caused by 25 mM HG for 24 h. d The effects of hyperoside (intravenous (i.v.) injection) on HG-induced (9 mg/
mouse, i.v.) vascular permeability in mice were determined by measuring the levels of Evans blue dye in peritoneal washing steps (expressed ptg/mouse, n=
5). e The effects of hyperoside on cellular viability were measured using MTT assays. Results are expressed as the mean + SEM of at least three independent

experiments. **p<0.01 versus 0 (a, b) and HG alone (c, d).

participate in the pathogenesis of atherosclerosis [37]. The-
se proteins regulate the interaction between endothelium
and leukocytes, and an increase in their expression on the
endothelial surface causes increased adhesion of leu-
kocytes, particularly monocytes, which are well
known as one of the first steps in the process leading
to atheroma [37]. In particular, over-expression of
intracellular adhesion molecule-1 (ICAM-1), VCAM-
1, and E-selectin in endothelial cells of human

atherosclerotic lesions has been reported [10]. The
effects of HG concentrations on expression of CAMs
in endothelial cells have been widely investigated.
Increase of ICAM-1 has been reported in human
aortic endothelial cells cultured in HG [38]; these
data are consistent with findings indicating that HG
is a potent promoter of leukocyte adhesion to endo-
thelial cells under flow conditions, depending on
upregulation of E-selectin, ICAM-1, and VCAM-1
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[36]. Furthermore, one of the earliest events in the
vascular inflammation process is adhesion of mono-
cytes to the endothelium, which is followed by their
infiltration and differentiation into macrophages [39].
This key step is mediated by an interaction between
monocytes and molecules expressed on the surface of
endothelial cells [39]. These CAMs primarily medi-
ated the adhesion of monocytes specifically found in
atherosclerosis lesions of the vascular endothelium
[39]. Therefore, we determined the effects of HG
on the expression of CAMs and adhesion of mono-
cytes to HUVECs in response to HG. The responses
according to the concentration of HG in the expres-
sion of CAMs, such as VCAM-1, ICAM-1, and E-
selectin, were determined by cell ELISA. Exposure
of the primary cultured HUVECs to HG resulted in
significantly increased expression of VCAM-1,
ICAM-1, and E-selectin after incubation with
25 mM D-glucose; the maximum inhibitory effect of
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hyperoside was observed at 50 uM (Fig. 3a). In
addition, in order to explore the effect of hyperoside
on endothelial cell-leukocyte interaction, we exam-
ined the adhesion of THP-1 cells to HG-activated
HUVECs. Control HUVECs showed minimal binding
to THP-1 cells; however, adhesion showed a marked
increase upon treatment with HG. Pretreatment with
hyperoside (10-50 uM) resulted in a decrease in the
number of THP-1 cells adhering to HG-induced
HUVECs (Fig. 3b, c¢). Thus, hyperoside could be
used as a therapeutic drug candidate for diabetic
vascular inflammation targeting CAMSs expression in
the prevention of atherosclerotic lesions.

MCP-1 and IL-8 are the chemokines most
strongly implicated in the atherogenesis process
[40]. MCP-1 is a key mediator of monocyte traffick-
ing and IL-8 is chemotactic for neutrophils [40].
Thus, we measured the effect of hyperoside on HG-
induced MCP-1 and IL-8 mRNA levels using real
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Fig. 3. Effects of hyperoside on HMGB 1-mediated pro-inflammatory responses. a HG-induced (25 mM, for 24 h) expression of cell adhesion molecules on
HUVECs was determined after the treatment of cells with the indicated concentrations of hyperoside for 6 h. VCAM-1 (white bar), ICAM-1 (gray bar), and
E-Selectin (black bar) were detected by ELISA. b, ¢ HG-induced (25 mM, for 24 h) mediated adherence of monocytes to HUVEC monolayers was assessed
after the pretreatment of cells with hyperoside for 6 h. The amounts of adherent THP-1 cells were monitored by b cell-cell adhesion assay and ¢ fluorescence
microscopy. Data are expressed as the mean + SEM of three independent experiments. *p<0.05 and **p<0.01 versus HG alone.
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time quantitative reverse-transcription (qRT)-PCR. As
shown in Fig. 4, HG induced an increase in expres-
sion levels of MCP-1 (up to 4.5-fold) and IL-8 (up
to 4.6-fold) mRNAs, and pretreatment with hyperoside

5 10 20 50

+ + + +

resulted in decreased expression levels of HG-induced
MCP-1 and IL-8 mRNAs. These results suggested that
hyperoside may be useful in the prevention of the vascular

inflammatory process.
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Effect of Hyperoside on HG-Induced Oxidative Stress

Inflammatory responses have been mechanistically
linked to the production of reactive oxygen species (ROS)
[41]. Previous observations have indicated that hyperglyce-
mia triggers generation of free radicals, and oxidant stress in
various cell types and ROS are considered to be important
mediators of several biologic responses, including cell prolif-
eration and extracellular matrix deposition [42, 43]. There-
fore, to examine the protective effect of hyperoside in HG-
induced oxidative stress, we measured the effect of HG on
cellular H,O, concentration. The H,O, level showed a statis-
tically significant increase after incubation for 10 min with
25 mM glucose, and a maximal increase was observed at 1 h
(data not shown). Thus, we chose to determine cellular ROS
1 h after glucose treatment in subsequent experiments. As
shown in Fig. 5a, pretreatment with 10, 20, and 50 uM
hyperoside resulted in significantly inhibited HG-induced
H,0, level. In addition, hyperoside itself did not induce
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oxidative stress (Fig. 5a), which suggested the importance
of HG-induced oxidative stress from HUVECsS in determin-
ing the character of diabetic complication as well as vascular
inflammation.

It is well known that the flavonoids with a catechol
group in the B-ring such as hyperoside, rutin, quercitrin, or
quercetin (Fig. 5b) have an antioxidant activity [44, 45].
Therefore, we determined the effects of these flavonoids on
HG-induced H,0, level. As shown in Fig. 5c, the antiox-
idant effects of hyperoside were similar to those of rutin,
quercitrin, or quercetin, indicating that a common catechol
grouping in the B-ring is important in the antioxidant
activity against HG-induced ROS formation.

Effect of Hyperoside on HG-Induced Activation
of NF-«B

Activation of transcription factors such as NF-«kB is
known to affect CAMs and to induce a coordinated

0 20 50

+ + +
- — NF-xB p65
Nuclear extract
« s NF-xB p65

Cytoplasmic extract

. W amess  Actin

Fig. 6. Effects of hyperoside on HG-induced activation of NF-«B. a Cells were pretreated with hyperoside (0, 20, or 50 uM) for 6 h and then stimulated with
HG for 1 h. b NF-kB p65 was visualized using rabbit anti-p65 monoclonal antibody (1:100), which only recognized NF-kB p65. Goat anti-rabbit antibody
(1:100) conjugated to FITC was performed. The subcellular localization of NF-kB p65 was examined by immunofluorescence staining and visualized under
an immunofluorescence microscope. The images are representative of the results from three independent experiments.
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upregulation of other pro-inflammatory cytokines and
chemoattractants, which possibly provides the molecular link
between cell redox state and endothelial cell dysfunction [46].
In addition, ROS has been shown to activate various tran-
scription factors, including NF-kB in cultured endothelial
cells [47]. First, we measured HG-induced translocation of
NF-kB from cytosol to nucleus. In Western blotting analysis
for determination of NF-kB p65 protein level, the active
subunit of the NF-kB complex, an increase in the level of
the p65 protein, was observed in the nuclear extracts of
HUVEC: treated with HG, and the cytosolic extracts exhib-
ited an appreciable loss of p65 protein content (Fig. 6a). In
addition, pretreatment with hyperoside resulted in inhibition
of the HG-induced increase of p65 NF-«kB expression levels
(Fig. 6a). To confirm consistency with the result of Western
blotting, immunocytochemistry was performed using p65
NF-kB and fluorescein isothiocyanate (FITC)-conjugated an-
tibody. As a result, HG induced an increase in the expression
of p65 NF-«kB in the nucleus, whereas normal condition did
not. In addition, treatment with 50 uM hyperoside resulted in
a decrease in HG-induced expression of p65 NF-«B in the
nucleus. These results were consistent with those of Western
blotting (Fig. 6a), demonstrating that HG-induced activation
of NF-kB was inhibited by hyperoside, indicating that
hyperoside has some inhibitory effect on the NF-xB path-
ways specific to HG-induced adhesion molecules in
HUVECs.

Flavonoids possess many biochemical properties, but
the best described property of almost every group of fla-
vonoids is their capacity to act as antioxidants [44, 45]. The
configuration, substitution, and total number of hydroxyl
groups substantially influence several mechanisms of anti-
oxidant activity such as radical scavenging and metal ion
chelation ability [48, 49]. The B-ring hydroxyl configura-
tion is the most significant determinant of scavenging of
ROS because it donates hydrogen and an electron to hy-
droxyl, peroxyl, and peroxynitrite radicals, stabilizing
them and giving rise to a relatively stable flavonoid radical
[44, 45, 50]. Functional hydroxyl groups in flavonoids
mediate their antioxidant effects by scavenging free radi-
cals and/or by chelating metal ions [51]. The chelation of
metals could be crucial in the prevention of radical gener-
ation which damages target biomolecules [52]. Because of
their capacity to chelate metal ions (iron, copper, etc.),
flavonoids also inhibit free radical generation [53]. A 3/,
4'-catechol structure in the B-ring firmly enhances inhibi-
tion of lipid peroxidation. This trait of flavonoids makes
them the most effective scavengers of peroxyl, superoxide,
and peroxynitrite radicals [48]. Because of oxidation the B-
ring of flavonoids having catechol group, a fairly stable

Ku, Kwak, Kwon, and Bae

orthosemiquinone radical is formed which is a strong scav-
enger. Flavones lacking catechol system on oxidation lead
to the formation of unstable radicals that exhibit weak
scavenging potential [54]. Therefore, the antioxidant ef-
fects of hyperoside against HG-induced ROS formation
(Fig. 5¢) may be dependent on the catechol group in the
B-ring because the antioxidant effects of hyperoside were
similar to those of rutin, quercitrin, or quercetin which have
a common catechol grouping in the B-ring.

In summary, our results demonstrate that treatment
with hyperoside resulted in blockade of HG-induced vas-
cular inflammation via inhibition of NF-kB in primary
human endothelial cells. These results suggest that
hyperoside has significant therapeutic benefits against dia-
betic complications and atherosclerosis by attenuating HG-
induced generation of H,0,, increased activation of NF-
kB, upregulation of adhesion molecules, and monocyte-
endothelial adhesion and disruption of the endothelial bar-
rier function. Our findings indicate that hyperoside can be
regarded as a candidate for use in the treatment of diabetic
vascular inflammatory diseases.
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