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Aim of the study: Vessel endothelium injury caused by reactive oxygen species (ROS) including H2O2 plays
a critical role in the pathogenesis of cardiovascular disorders. Therefore, drug targeting ROS elimination
has highly clinical values in cardiovascular therapy. The plant of Radix Ophiopogon japonicus is a traditional
Chinese herbal medicine that has been commonly used for prevention and treatment of cardiovascular
diseases for a long history. However, the effective component mediating its beneficial effects remains
unknown. In the present study, we investigated the action of Ophiopogonin D (OP-D), one of the most
bioactive components of Radix Ophiopogon japonicus, in an endothelial injury model induced by H2O2.
Materials and methods: Primarily cultured human umbilical vein endothelial cells (HUVECs) were pre-
treated with increased doses of OP-D overnight and then challenged with H2O2. The protective effects of
OP-D against H2O2 were evaluated.
Results: We found that OP-D inhibited mRNA levels of antioxidant, inflammatory and apoptotic genes in
a dose-dependent manner in HUVECs. H2O2-induced lipid peroxidation and protein carbonylation were

reduced by OP-D pretreatment. Mitochondrial ROS generation and cell apoptosis were also attenuated
in OP-D pretreated cells. In addition, OP-D restored cellular total antioxidative capacity and inhibited
the release of inflammatory cytokines. Furthermore, OP-D suppressed the enzymatic activity of catalase,
HO-1, and caspases. Finally, OP-D blocked activation of NF-�B and ERK signaling cascades.
Conclusion: Our findings provide the first evidence that OP-D plays a protective role as an effective antiox-
idant in H2O2-induced endothelial injury. Ophiopogonin D can be therefore developed as a novel drug

ascul
for the therapy of cardiov

. Introduction

Chronic increased oxidative stress is a pathogenic feature of
ardiovascular diseases such as atherosclerosis, restenosis, hyper-
ension, diabetic vascular complications and heart failure (Cai
nd Harrison, 2000). Oxidative stress is mainly caused by the
xcessive accumulation of reactive oxygen species (ROS), which
nclude H2O2, superoxide anions, and hydroxyl radicals. Among
hem, H2O2, the major source of endogenous ROS (Nohl et al.,
003), is generated during hypoxia and ischemia-reperfusion
njury (Hashimoto et al., 1994), and has been extensively used to
nduce oxidative stress in in vitro models (Yang et al., 2006).

Under pathological conditions, vascular NAD(P)H oxidases are
ctivated by agonists and subsequently activate xanthine oxidase
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or uncouple eNOS, which in turn produce H2O2 in large quanti-
ties (McNally et al., 2003). In contrast to stimulating endothelial
cell growth and proliferation at ambient levels, large amount of
H2O2 leads to detrimental consequences including cell apoptosis
and inflammation by modulating a series of intracellular signaling
pathways (Zafari et al., 1998). Among these pathways, the activa-
tion of mitogen-activated protein kinase (MAPK) cascade is known
to play major roles in cell growth, survival, differentiation, and
apoptosis responses (Yang et al., 2004). Therefore, high levels of
H2O2 contribute importantly to endothelial dysfunction and the
development of vascular diseases.

The plant of Radix Ophiopogon japonicus is a traditional Chi-
nese herbal medicine that has been commonly used to treat
inflammatory and cardiovascular diseases for thousands of years
(Kou et al., 2006). Extensive studies revealed that Ophiopogon

japonicus has remarkable anti-inflammatory property and benefi-
cial cardiovascular effects, such as anti-ischemia, anti-arrhythmic,
inhibiting platelet aggregation, protecting endothelium from apop-
tosis, improving microcirculation, and so on (Kou et al., 2005).
However, the effective component mediating its beneficial effects

http://www.sciencedirect.com/science/journal/03788741
http://www.elsevier.com/locate/jethpharm
mailto:changliu@njnu.edu.cn
mailto:liuchang770202@yahoo.com.cn
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CAATGGACTC-3′, antisense: 5′-CTGTACCAGACCGAG ATGTCA-3′);
′ ′
Fig. 1. Chemical structure of Ophiopogonin D (OP-D).

emains unidentified. Ophiopogonin D (OP-D) (Fig. 1) is a steroidal
lycoside recently isolated from Ophiopogon japonicus. Previous
tudies demonstrated that OP-D has various biological properties,
ncluding inhibition of venous thrombosis (Kou et al., 2006), anti-
nflammation (Kou et al., 2005), and antitussive activity (Takahama
nd Miyata, 1995). The aim of study was to investigate the effects
f OP-D on H2O2-induced endothelial cell injury to further extend
ur understanding of the pharmaceutical functions of OP-D and to
rovide experimental evidence for its potential clinical use in the
reatment of cardiovascular diseases.

. Materials and methods

.1. Reagents and antibodies

OP-D was purchased from Tsumura (Tokyo, Japan) and was
rst dissolved in DMSO at a concentration of 5 mM. This mas-
er solution was further diluted to the final concentration in
he culture medium. Trizol reagent was obtained from Invitro-
en (Carlsbad, USA). Endothelial cell growth supplement (ECGS)
as from Becton–Dickinson (Bedford, USA). Collagenase type IV
as from Pharmacia (Uppsala, Sweden). OxiSelect protein carbonyl

mmunoblot kit was from Cell Biolabs (San Diego, USA). SYBR-
reen Master Mix was from Applied Biosystems (Foster City, USA).
educed MitoTracker Red probe (CM-H2XRos) was from Molecu-

ar Probes (Eugene, USA). Hoechest 33258 staining solution, lipid
eroxidation MDA assay kit, enzymatic activity assay kits for cata-

ase, caspase-3, and caspase-9 were from Beyotime Biotechnology
Nantong, China). Kit for total antioxidative capacity (T-AOC) anal-
sis was from Jiancheng Bioengineering Institute (Nanjing, China).
its for TNF-� and IL-6 measurement were from Sino-UK Institute
f Biological Technology (Beijing, China). Nuclear and cytoplas-
ic extraction kit was from BestBio (Shanghai, China). Monoclonal

ntibody against Factor VIII was from Sigma (St. Louis, USA).
ntibodies against NF-�B p65 subunit, Histone H1 and GAPDH
ere from Santa Cruz (Santa Cruz, USA). Phospho-specific anti-
RK1/2 and anti-total ERK1/2 antibodies were from Cell Signaling
Danvers, USA). CellTiter-Glo luminescent cell viability assay kit
as from Promega (Madison, USA). All other reagents were of

nalytical grade.
acology 128 (2010) 438–445 439

2.2. HUVECs culture

Human umbilical vein endothelial cells (HUVECs) were iso-
lated from umbilical vein cords of normal pregnancies as described
previously (Muñoz et al., 1996). These cells were cultured on
flasks coated with 0.2% gelatin in M199 medium supplemented
with 10% FBS, 50 mg/L ECGS, 25 mM HEPES (pH 7.4), 100 U/mL
penicillin, 100 mg/mL streptomycin, 50 �g/mL heparin, and 2 mM
glutamine in an atmosphere of 5% CO2 at 37 ◦C. The medium was
changed every 3 days until the cells reached confluence. HUVECs
were identified by the characteristic “cobble stone” growth pat-
tern and positive immunocytochemical staining with a monoclonal
antibody against Factor VIII. To maintain uniform condition, all
experiments were carried out between cell passages 2 and 3. To
assess the effect of OP-D on cellular oxidative stress, we pretreated
cells with increased concentrations of OP-D (0.6, 6.0, and 60.0 �M)
overnight in serum-free medium. The cells were washed twice
and then challenged with 300 �M H2O2 for 2 h unless indicated
otherwise. The purpose of washing was to eliminate any possible
interaction of OP-D and H2O2.

2.3. Lipid peroxidation and protein carbonylation assay

For lipid peroxidation assay, we used a commercial kit to
quantify the generation of malondialdehyde (MDA) according to
the manufacturer’s protocol. In brief, cells were harvested by
trypsinization and cellular extracts were prepared by sonication
in ice-cold buffer (50 mM Tris–HCl, pH 7.5, 5 mM EDTA, and 1 mM
DTT). After sonication, lysed cells were centrifuged at 10,000 × g
for 20 min to remove debris. The supernatant was subjected to the
measurement of MDA levels and the protein contents. We used a
protein assay kit (Bio-Rad Laboratories, Hercules, USA) to quan-
tify protein concentration. MDA levels were then normalized to
milligram protein. We used the same procedure to lyse the cells
and determine the protein contents in the following assays unless
otherwise indicated.

Carbonylated proteins were detected using the OxiSelect kit.
Briefly, cells were lysed and 20 �g of proteins were reacted with
2,4-dinitrophenylhydrazine (DNPH) for 5 min at 25 ◦C. Samples
were resolved on 12% denaturing polyacrylamide gels, and DNP-
derivatized proteins were identified by immunoblot using an
anti-DNP antibody.

2.4. Real-time RT-PCR

Total RNA from HUVECs was extracted by using Trizol reagent
according to the manufacturer’s protocol. Two micrograms of total
RNA was reverse-transcribed into complementary DNA and �-actin
served as an internal control for total complementary DNA content.
mRNA levels of interested genes were quantified by real-time RT-
PCR using SYBRGreen Master Mix. Specific primers were used for
pgc-1� (sense: 5′-TCAGTCCTCACTGGTGGACA-3′, antisense: 5′-TG-
CTTCGTCGTCAAAAACAG-3′); catalase (sense: 5′-CGCAGAAAGCT-
GATGTCC TGA, antisense: 5′-TCATGTGTGACCTCAAAGTAGC-3′);
HO-1 (sense: 5′-GTCTTCGCCCCTGTC TACTTC-3′, antisense: 5′-CT-
GGGCAATCTTTTTGAGCAC-3′); TNF-� (sense: 5′-ATGAGCACTGAA
AGCATGATCC-3′, antisense: 5′-GAGGGCTGATTAGAGAGAGGTC-
3′); IL-6 (sense: 5′-AAATTC TACATCCTCGACGG-3′, anti-
sense: 5′-GGAAGGTTCAGGTTGTTTTCTGC-3′); NF-�B p65 subunit
(sense: 5′-GGGGACTACGACCTGAATG-3′, antisense: 5′-GGGCA-
CGATTGTCAAAGAT-3′); caspase-3 (sense: 5′-ATGGAAGCGAAT-
caspase-9 (sense: 5 -GGCTGTCTACGGCACAGATGGA-3 , antisense:
5′-CTGGCT CGGGGTTACTGCCAG-3′); �-actin (sense: 5′-CACCCA-
CACTGTGCCCATCTACGA-3′, antisense: 5′-CAGCGGAACCGCTCAT-
TGCCAATGG-3′).
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.5. Enzymatic activity analysis

We quantified enzymatic activity of catalase, caspase-3, and
aspase-9 using commercial assay kits according to the manufac-
urer’s protocols. The rate of change in absorbance was converted
o units of enzyme activity, determined from a standard curve.
nzyme activity was then standardized to milligram protein. HO-
activity was evaluated by assaying bilirubin production. In brief,

ells were lysed and 40 �L of protein lysates were incubated with
reshly prepared 2 mM hemin and 4.5 mM NADPH (final reactant
oncentrations 41.67 �M hemin, 93.75 �M NADPH, total volume
920 �L); control samples lacked NADPH. Reactions were then
un for 10 min at 37 ◦C in a dark place, and were terminated
y quick-freezing vials on dry ice. The samples were scanned
ith a spectrophotometer (BioTek Synergy 2, Vermont, USA) at

bsorbance from 464 to 530 nm. Bilirubin concentration was cal-
ulated based on the change of optical density from 530 to 464 nm,
ith an extinction coefficiency of 40 mmol−1 cm−1. HO-1 activity
as expressed as micromole of bilirubin per milligram of protein
er hour (�mol bilirubin/(mg protein/h)).

.6. Western blotting analysis

HUVECs were lysed in RIPA’s buffer containing 50 mM Tris/HCl
pH 8.0), 150 mM NaCl, 1% Nonidet-P40, 1% sodium deoxycholate,
.1% SDS, 0.1 mM DTT, 0.05 mM PMSF, 0.002 mg/mL aprotinin,
.002 mg/mL leupeptin, and 1 mM NaVO3. Equal amounts of
rotein were loaded and separated by 10% SDS-PAGE and
hen transferred onto polyvinylidene difluoride membrane. The

embranes were incubated overnight with appropriate primary
ntibodies. Bound antibodies were then visualized using alkaline
hosphatase-conjugated secondary antibodies. Quantitative anal-
sis was performed by NIH Image J 1.32j software. For the detection
f translocation of NF-�B p65 protein to the nucleus, we firstly
repared nuclear and cytoplasmic protein using a commercial
xtraction kit and then performed Western blotting analysis as
entioned above. We used GAPDH and Histone H1 as the loading

ontrol for the cytoplasmic and nuclear protein, respectively.

.7. Measurement of mitochondrial ROS

To evaluate the direct production of mitochondrial ROS in
UVECs, specific staining with the reduced MitoTracker Red probe

CM-H2XRos) was performed. In brief, cells were grown on gelatin-
oated cover slides and loaded with 20 �M CM-H2XRos at 37 ◦C
or 15 min. A fluorescence microscope (AxioCam MRc5, Carl Zeiss)
quipped for equifluorescent illumination was used.

.8. Hoechest 33258 staining

HUVECs were collected, washed with PBS buffer and fixed with
0% formaldehyde at room temperature for 10 min. Following cen-
rifugation, the samples were washed with PBS three times, stained
ith Hoechest 33258 staining solution in the dark for 5 min and

hen seeded separately onto cover slides. Once the treated samples
ad been dried in the dark, stained nuclei were observed under a
uorescence microscope.

.9. Fluorescence-activated cell sorting (FACS) analysis

HUVECs were subjected to single parameter analysis for apop-

osis and DNA fragmentation. In brief, cells were washed with
BS and suspended in 100% ethanol at 4 ◦C overnight. Fixed cells
ere then collected and the nuclei were stained for 30 min at 4 ◦C
ith hypotonic fluorochrome solution, containing 0.1% sodium cit-

ate, 0.1% Triton-X-100 and 50 mg/mL propidium iodide (PI). After
acology 128 (2010) 438–445

extensively washing, the PI fluorescence of individual nuclei was
measured by a FACSort flow cytometer (Becton–Dickinson, San
Jose, USA). DNA content was analyzed and sub-G1 population was
obtained as an indicator of apoptosis.

2.10. Detection of T-AOC and cytokine release

The T-AOC values of the cells were measured with an analysis
kit. This kit utilized antioxidants in the samples to reduce Fe3+–Fe2+,
which was then chelated with porphyrin to produce a purple com-
plex; this was quantified by measuring the absorbance at 550 nm.
The relative T-AOC values of the samples were normalized to pro-
tein concentration. For the measurement of inflammatory cytokine
release, culture medium was collected and briefly centrifuged.
The levels of TNF-� and IL-6 in the supernatant were determined
using radioimmunoassay (RIA) and the corresponding commercial
kits.

2.11. Cell viability assay

Cell viability was determined by the quantitation of the ATP
present, which signals the presence of metabolically active cells,
by using CellTiter-Glo luminescent cell viability assay kit.

2.12. Data analysis

All data are presented as mean ± SEM. Data were analyzed using
a one-way ANOVA followed by Fisher’s LSD post hoc test. Calcula-
tions were performed using SPSS/Windows version 12.5S statistical
package (SPSS, Chicago, USA). In all cases P < 0.05 was taken as
statistically significant.

3. Results

3.1. OP-D prevents H2O2-induced oxidative stress in HUVECs

We first determined the effects of OP-D on mitochondrial ROS
production in HUVECs. As shown in Fig. 2A, MitoTracker Red flu-
orescence in HUVECs significantly increased with 300 �M H2O2,
compared with the control. H2O2-induced fluorescence was dose-
dependently suppressed by pretreatment with OP-D, indicating the
abolishment of mitochondrial ROS production.

Cellular T-AOC is regulated by external stimuli and reflects the
antioxidant ability of the drug. In H2O2-stimulated HUVECs, T-
AOC was suppressed to 42.1% compared with the control (Fig. 2B).
However, preincubation of cells with OP-D restored T-AOC in a
dose-dependent manner. Overnight treatment with 60.0 �M OP-D
almost completely recovered cellular T-AOC.

Intracellular antioxidant defense consists of several key
enzymes (e.g. catalase and heme oxygenase-1 (HO-1)) and is
controlled by the master regulator of pgc-1�. We found H2O2
upregulated mRNA levels of pgc-1�, catalase, and HO-1 to 6.35-
, 1.95-, and 3.53-fold, respectively (Fig. 2C). However, such
inductions were suppressed by pretreatment of OP-D in a dose-
dependent manner. We noticed that the effect of OP-D on the
suppression of relative mRNA levels of catalase and HO-1 was not
very significant, so we further explored the regulation of their enzy-
matic activity by OP-D. As shown in Fig. 2D, H2O2 increased catalase
and HO-1 activity to 2.03- and 5.5-fold, respectively. In contrast,
OP-D pretreatment almost completely reduced their activity to the
basal levels.
One of the important aspects of damage caused by ROS, espe-
cially by H2O2, is the oxidation of proteins and lipids. To determine
if OP-D treatment can protect the cells from these damages, we
measured lipid peroxidation and protein carbonylation in HUVECs.
We found that MDA generation was increased to 1.8-fold by H2O2
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Fig. 2. Attenuation of H2O2-induced oxidative stress in HUVECs by OP-D. HUVECs pretreated with or without OP-D (0.60 �M (L), 6.0 �M (M), and 60.0 �M (H), the same below)
overnight were stimulated with H2O2 (300 �M) for 2 h. (A) Mitochondrial ROS generation was detected by MitoTracker Red staining using microflurometry (fluorescence
m pgc-1
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icroscope, 400×). (B) Cellular T-AOC quantification. (C) mRNA quantification for
O-1. (E) Analysis of MDA generation and lipid peroxidation. (F) Analysis of protei
ontrol (CTL) from the mean values from five independent experiments. For panel
P < 0.05 vs. control (CTL); **P < 0.01 and *P < 0.05 vs. H2O2.

hallenge, and OP-D (from 0.6 to 60 �M) inhibited MDA levels by
6.3%, 44.8%, and 50.2%, respectively (Fig. 2E). Protein carbony-

ation showed the similar trend. In Fig. 2F, cells were lysed and
rotein carbonyls were then derivatized to DNPH and detected by

mmunoblotting with an anti-DNP antibody. We found that H2O2
learly promoted the protein carbonyl contents, which was dose-
ependently attenuated by OP-D pretreatment.

.2. OP-D inhibits H2O2-induced inflammation in HUVECs

Inflammation is one of the accompanied consequences caused
y oxidative stress. To investigate whether OP-D can protect
ells from inflammation, we performed RIA analysis to quantify
nflammatory cytokines released to culture medium. As shown in
ig. 3A, 2 h incubation with H2O2 increased the release of TNF-�
nd IL-6 to 2.67- and 1.67-fold, respectively. OP-D pretreatment
uppressed the cytokine release, although the extent was not
ignificant.

Similar trends were observed in mRNA expression levels. Real-
ime RT-PCR analysis indicated that H2O2-induced mRNA levels of
NF-�, IL-6, and NF-�B p65 subunit to 8.14-, 4.77-, and 1.53-fold,
espectively (Fig. 3B), while OP-D reduced the expression of such
enes. Note that the mRNA levels of these genes declined to the
asal level with the preincubation of 60.0 �M OP-D.

It is known that NF-�B plays a key role in the transcriptional reg-

lation of many proteins involved in inflammatory responses. The
ctivation of NF-�B signaling pathway includes the translocation
f NF-�B from cytoplasm to the nucleus and the phosphoryla-
ion of its subunits. To further determine if OP-D can block the
ctivation of NF-�B induced by H2O2, we examined the cellular
�, catalase, and HO-1 by real-time RT-PCR. (D) Enzymatic activity of catalase and
onylation. For panels B to E, the data were shown as fold increase compared with
resentative blots from two independent experiments were shown. ##P < 0.01 and

localization of the p65 subunit. As is usually observed in unstimu-
lated cells, NF-�B is localized mainly in the cytoplasm with only
minor nuclear staining detected. Stimulation of cells by H2O2-
induced p65 translocation from the cytoplasm into the nucleus,
indicative of the NF-�B activation. In contrast, pretreatment of cells
with OP-D nearly completely blocked the nuclear translocation of
p65 (Fig. 3C).

3.3. OP-D attenuates H2O2-induced apoptosis in HUVECs

Hoechest 33258 staining assay showed that apoptotic bod-
ies containing nuclear fragments were significantly generated
in H2O2-treated cells (Fig. 4A). However, pretreatment of OP-D
reduced cell apoptosis and 60 �M of OP-D almost completely abol-
ished the pro-apoptotic action of H2O2 (Fig. 4A). Fluorescence
results were confirmed by using FACS analysis. As shown in Fig. 4B, a
sub-G1 population (62.2%) associated with apoptotic cells appeared
in H2O2-treated cells. By contrast, increased doses of OP-D (from
0.6 to 60.0 �M) reduced the percentage of apoptotic cells to 44.0%,
36.1%, and 28.2%, respectively.

The protective effect of OP-D on apoptosis prompted us to
investigate whether OP-D reduces the activation of the classic
mitochondrial apoptosis cascade, which involves the sequential
mRNA induction/activation of caspase-3 and caspase-9. As shown
in Fig. 4C, mRNA levels of caspase-3 and caspase-9 were increased

to 2.41- and 1.92-fold by H2O2 challenge. However, OP-D downreg-
ulated their mRNA levels by 20.8%, 31.7%, and 38.5% for caspase-3
and 30.9%, 31.6%, and 43.2% for caspase-9. These findings suggest
that OP-D blocks activation of the mitochondrial apoptosis cascade
at least partially through transcriptional regulation.



442 J. Qian et al. / Journal of Ethnopharmacology 128 (2010) 438–445

Fig. 3. Inhibition of H2O2-induced inflammation in HUVECs by OP-D. HUVECs were treated under the same experimental conditions described as in Fig. 2. (A) Culture medium
was collected and the levels of TNF-� and IL-6 were determined using RIA. (B) mRNA quantification for TNF-�, IL-6, and NF-�B by real-time RT-PCR. (C) Cellular localization
of NF-�B p65 subunit. The data from five different experiments were calculated and plotted the same as in Fig. 2. #P < 0.05 vs. control (CTL); *P < 0.05 vs. H2O2.

Fig. 4. Inhibition of H2O2-induced apoptosis in HUVECs by OP-D. HUVECs were treated under the same experimental conditions described as in Fig. 2. (A) Hoechest 33258
staining of the cells (fluorescence microscope, 400×). (B) Representative FACS profiles. “P2” indicated the area of sub-G1 population. (C) mRNA quantification for caspase-3
and caspase-9 by real-time RT-PCR. (D) Enzymatic activity of caspase-3 and caspase-9. The data were calculated and plotted the same as in Fig. 2. ##P < 0.01 and #P < 0.05 vs.
control (CTL); *P < 0.05 vs. H2O2.
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Fig. 5. Inhibition of H2O2-induced ERK1/2 activation in HUVECs by OP-D. HUVECs
pretreated with or without OP-D overnight were stimulated with H2O2 (30 �M)
for 15 min. Then cells were harvested and lysed, and the ERK1/2 activation
was measured by immunoblot using phospho-specific anti-ERK1/2 antibodies. (A)
Representative blots with phospho-specific anti-ERK1/2 (up panel) and total anti-
ERK1/2 (bottom panel) antibodies. (B) The signal ratio of phospho ERK1/2 to total
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RK1/2 was quantified by densitometric scanning. The data from three different
xperiments were calculated and plotted the same as in Fig. 2. #P < 0.05 vs. control;
P < 0.05 vs. H2O2.

We next measured the enzymatic activity of these caspases.
here was a 149%/136% elevation of caspase-3/-9 activity follow-
ng 2 h treatment with 300 �M of H2O2. Such activity induction was
lightly but still significantly reduced by OP-D (Fig. 4D).

.4. OP-D inhibits ERK1/2 activation stimulated by H2O2

It has been well recognized that ROS generation is linked
o the activation of ERK/MAPK signaling cascade. Therefore, we
easoned that the antioxidant effect of OP-D might modulate
edox-sensitive ERK1/2 in HUVECs. Because ERK1/2 activation by
2O2 (30 �M), as measured by immunoblotting, was detectable
s early as 5 min and peaked at 15 min (data not shown),
e examined the effect of OP-D on ERK1/2 activation at

5 min after H2O2 (30 �M) stimulation using phospho-specific
nti-ERK1/2 antibodies. As shown in Fig. 5, OP-D inhibited

2O2-induced ERK1/2 activation in a dose-dependent manner,

uggesting that the action of OP-D is via a redox-sensitive path-
ay.

ig. 6. OP-D moderately increases the cell viability. HUVECs were treated under the
ame experimental conditions described as in Fig. 2 and the viable cells were deter-
ined using CellTiter-Glo luminescent cell viability assay kit. The data from three

ifferent experiments were calculated and plotted the same as in Fig. 2. ##P < 0.01
s. control (CTL); N.S., no significant difference.
acology 128 (2010) 438–445 443

3.5. OP-D moderately increases the cell viability

To rule out the possibility that the suppressive effect of OP-D
on pro-inflammatory cytokines release is due to the suppression
of cell growth, we evaluated the influence of OP-D to the growth
of HUVECs. As shown in Fig. 6, H2O2 caused the cell death and
the number of the viable cells in H2O2-treated group was only
59% compared with the control. And OP-D moderately increased
cell viability, although the extent did not reach to the significant
difference.

4. Discussion

It has been well established that the elevated release of ROS from
vessel tissue under pathological conditions is a fundamental mech-
anism leading to the endothelial injury (such as inflammation and
apoptosis). Protection of endothelial cells from ROS-induced injury
may therefore provide beneficial therapeutical intervention to suc-
cessfully combat cardiovascular diseases. In the present study, we
demonstrated for the first time that OP-D was capable of protecting
HUVECs from oxidative stress and the accompanied inflammatory
responses and apoptosis caused by H2O2. Its effects are possibly
achieved via ERK pathway. These findings suggest that OP-D may
have therapeutical use in the prevention of cardiovascular dis-
eases.

Under normal conditions, significant amounts of ROS including
H2O2 are produced in the course of oxygen metabolism. ROS-
induced oxidative stress activates endogenous antioxidant defense
in which transcriptional coactivator PGC-1� plays a dominant role
(St-Pierre et al., 2006). Here, we found mRNA levels of PGC-1�,
catalase and HO-1 were elevated by H2O2. Catalase is a ferri- or
manganese-containing antioxidant enzyme and functions in the
detoxification of H2O2 (Matés and Sánchez-Jiménez, 1999). And
HO-1 is the rate-limiting enzyme involved in the conversion of
heme into biliverdin (antioxidant), carbon monoxide (vasodila-
tory, anti-inflammatory, anti-mitogenic, and anti-apoptotic) and
free iron (Ryter et al., 2006). The observation of the elevation
of antioxidant genes is coincided with previous reports (Varani
et al., 1992; Han et al., 2009) and suggests that compensatory
induction of antioxidant defense is initiated to antagonize the
heavier oxidative burden. We also found that OP-D pretreatment
both decreased mitochondrial ROS generation and suppressed
mRNA levels/activity of antioxidant enzymes. More importantly,
OP-D reduced protein and lipid damages caused by ROS. All these
observations indicate that the endogenous oxidative stress was
ameliorated by OP-D. Further study is required to elucidate other
pathways mediating in the inhibition of ROS generation by OP-
D, such as inhibition of NADPH oxidase activity and/or activation
of the ROS scavenging system. It should be noted here that OP-
D did not significantly recover H2O2-induced the loss of cell
viability in our study. We still do not know if higher concen-
tration and/or longer incubation time of OP-D will give stronger
protection.

Endothelial inflammatory responses are the major detrimental
consequences of H2O2-induced oxidative stress. Several inflam-
matory cytokines are induced by H2O2 in endothelial cells (Cai,
2005). H2O2 was also shown to increase TNF-� mRNA expression
in HUVECs (Valen et al., 1999), which was confirmed by our study
(Fig. 3B). Therefore, H2O2 is a powerful pro-inflammatory factor
acting in endothelial cells. In the present study, we found H2O2-

induced inflammatory gene expression was dose-dependently
suppressed by OP-D. Indeed, the anti-inflammatory property of OP-
D has been revealed in the previous report, which showed that OP-D
reduced phorbol-12-myristate-13-acetate (PMA)-induced adhe-
sion of HL-60 cells to ECV304 cells (Kou et al., 2005). More
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mportantly, NF-�B is a critical signaling molecule in responses
roduced by a variety of stimuli that include growth factors,

ymphokines, UV irradiation, pharmacological agents, and oxi-
ant stress. Therefore, a potential mechanism whereby OP-D
ould modulate inflammatory responses to H2O2 is by block-
ng activation of the transcription factor NF-�B. In its inactive
orm, NF-�B is sequestered in the cytoplasm, bound by mem-
ers of the I-�B family of inhibitor proteins. Phosphorylation
f I-�B by an I-�B kinase complex exposes nuclear localization
ignals on the NF-�B subunits and induces translocation of the
olecule to the nucleus. In the nucleus, NF-�B binds with con-

ensus sequences of various genes, activating their transcription
Basak and Hoffmann, 2008). Our observations that OP-D attenu-
ted H2O2-induced nuclear translocation of NF-�B suggest a likely
echanism of the anti-inflammatory effects of OP-D. To our knowl-

dge, this is the first study to report that OP-D inhibits NF-�B
ctivation. The molecular mechanisms leading to inhibition of
F-�B activation by OP-D remain to be determined. Finally, we
oticed that although OP-D significantly retarded H2O2-induced
RNA expression of TNF-� and IL-6, the release of these two pro-

nflammatory cytokines was only moderately inhibited by OP-D.
hese observations implicate that the inhibitory effects of OP-D on
NF-� and IL-6 are largely limited at the transcriptional level, rather
han at the translational level and in the posttranslational secretion
rocess.

In addition to inflammation, it is also well known that H2O2
nduces apoptosis in HUVECs (Lin et al., 2004). Indeed, our results
howed that the apoptotic cells were increased and the mRNA lev-
ls/enzymatic activity of caspases-3 and -9 were upregulated by
2O2 treatment. Caspases, a family of specific cysteine proteases,
re critical mediators of apoptosis. Among them, caspase-3 is a
rimary executioner of apoptosis induced by a variety of stim-
li including H2O2 (Boatright and Salvesen, 2003). And caspase-9

s a major activator in mitochondrial mediated apoptotic path-
ay responsible for caspase-3 activation (Kuida, 2000). In our

tudy, OP-D attenuated H2O2-induced mRNA expression/activity of
aspases-3 and -9. This reduction could be due to the consequence
f antioxidation or the direct regulation of apoptotic process by
P-D. It is noted that the protective function of OP-D in apoptosis

s not very powerful based on the evidence from the fluorescence
ata and also the inhibition of mRNA expression/activity of caspase-
/-9 is not very high after OP-D treatment. These observations
uggest that OP-D mainly acts as an antioxidant drug with mild
nti-apoptotic property.

Intracellular ROS has been shown to function as a second mes-
enger to activate a set of MAPK family members, such as ERK1/2
Watanabe et al., 2006), JNK (Lin et al., 2004), and p38 MAPK
Usatyuk et al., 2003). In the present study, the redox-sensitive ERK
ctivation by H2O2 was inhibited by OP-D (Fig. 5), suggesting that
he antioxidant action of OP-D is partly responsible for blockade of
edox-sensitive signal transduction pathway. In addition, ERK plays
n active role in apoptosis although the existing evidence regarding
hether ERK is a pro-survival or a pro-apoptosis signal mediator

s conflicting (Fischer et al., 2005; Yang et al., 2006; Wang et al.,
006; Liu et al., 2007). Taken together, ERK pathway may be a tar-
et of OP-D and contributes to the prevention of H2O2-induced cell
poptosis.

In conclusion, the present study revealed for the first time
he antioxidant effects of OP-D in HUVECs. OP-D directly
nhibits mitochondrial ROS generation stimulated by H2O2 and
lso inhibits H2O2-induced inflammatory responses and redox-

ensitive signal transduction (ERK). These data strongly support
o the contention that OP-D plays a protective role in H2O2-
nduced endothelial injury as a potent antioxidant. OP-D may
ave highly clinical values in the therapy of cardiovascular
isorders.
acology 128 (2010) 438–445
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