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Abstract:

A novel stilbene derivative, (E)-2-(2-chlorostyryl)-3,5,6-trimethylpyrazine (CSTMP), was designed and synthesized based on the

pharmacophores of tetramethylpyrazine (TMP) and resveratrol (RES). In the present study, we investigated the protective effects of

CSTMP on vascular endothelial cells under oxidative stress and elucidated its molecular mechanisms. The radical scavenging activ-

ity of CSTMP was assessed by the DPPH test. Human Umbilical Vein Endothelial Cells (HUVECs) were exposed to 150 µM hydro-

gen peroxide (H2O2) for 12 h, resulting in a decrease of cell viability assessed by the MTT assay and an increase of apoptotic cells

assessed by the nuclear staining assay and flow cytometry. The activities of lactate dehydrogenase (LDH), superoxide dismutase

(SOD) and nitric oxide synthase (NOS) and the contents of malondialdehyde (MDA), reduced glutathione (GSH) and nitric oxide

(NO) in cells were determined by commercial kits. The expression levels of pro-apoptotic factor caspase-3 and anti-apoptotic signal

ERK1/2 were detected by western blot. The results showed that CSTMP had a moderate anti-oxidative effect against the DPPH test,

which was less than RES. Co-incubation with CSTMP increased the cell viability, markedly reduced the LDH leakage from the cells

and decreased the lipid peroxidation. These effects of CSTMP were accompanied by increasing activity of the endogenous antioxi-

dant enzyme SOD, the level of GSH, the production of NO and cNOS activity. Moreover, CSTMP showed stronger effects on the in-

hibition of apoptosis, caspase-3 expression, and the activation of phosphorylated ERK1/2 compared to RES. Furthermore, CSTMP

could inhibit the expression of phospho-JNK and phospho-p38 induced by H2O2. These results suggest that CSTMP prevents

H2O2-induced cell injury through anti-oxidation and anti-apoptosis via the MAPK and caspase-3 pathways.
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Abbreviations: Annexin V-FITC – Annexin V fluorescein iso-

thiocyanate, CSTMP – (E)-2-(2-chlorostyryl)-3,5,6-trimethyl-

pyrazine, DMSO – dimethyl sulfoxide, DPPH – 1,1- diphenyl-

2-picrylhydrazyl radical, ECM – endothelial cell medium,

ERK1/2 – extracellular signal-regulated kinase-1/2, GSH – re-

duced glutathione, H�O� – hydrogen peroxide, HUVECs – Hu-

man Umbilical Vein Endothelial Cells, JNK – c-Jun NH�-term-

inal kinase, LDH – lactate dehydrogenase, MAPK – mitogen-

activated protein kinase, MDA – malondialdehyde, MTT –

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,

NO – nitric oxide, NOS – nitric oxide synthase, PI – propidium

iodide, RES – resveratrol, ROS – reactive oxygen species,

RSA – radical scavenging activity, SOD – superoxide dismu-

tase, TMP – tetramethylpyrazine

Introduction

Endothelial cells are crucial for maintaining the

physiological functions of the cardiovascular system

[6]. Increasing evidence suggests that stress by oxida-

tion of endothelial cells, characterized by an imbal-

anced cellular activity of the production and elimina-

tion of reactive oxygen species (ROS), is involved in

the pathophysiology of several vascular diseases, such

as atherosclerosis, diabetes and hypertension [10]. In

particular, hydrogen peroxide (H�O�) induced oxida-

tive stress leads to the death/apoptosis of endothelial

cells as well as many other cell types. The oxidative

stress can damage the DNA structure, induce peroxi-

dation of the membrane lipids and proteins, damage

the fluidity and permeability of the cell membrane

[27], or induce apoptosis by triggering numerous sig-

nal transduction pathways, including members of the

mitogen-activated protein kinase (MAPK) family, p53

transcription factors and caspase-3 activation [21, 26].

Recent studies have reported that prevention of endo-

thelial apoptosis might improve endothelial function

[4, 15]. Therefore, anti-oxidants and anti-apoptotic

agents have become novel therapeutic strategies to in-

terfere with focal, dysregulated vascular remodeling,

which is a key mechanism for atherosclerotic disease

progression and other cardiovascular diseases.

Tetramethylpyrazine (TMP) is a major component

in the traditional Chinese herb Chuanxiong (Ligusti-

cum wallichii Franchat), which is used in China as

a calcium antagonist and an antioxidant for the treat-

ment of cardiovascular diseases and myocardial and

cerebral ischemic diseases because of its effectiveness

and low toxicity [11, 14]. However, pharmacokinetic

studies have shown that TMP presents low bioavail-

ability and is metabolized quickly in vivo with a short

half-life of 2.89 h [28]. Furthermore, accumulating

toxicity is appearent in patients when TMP is admin-

istrated frequently in order to maintain effective

plasma concentrations. Therefore, it is necessary to

develop new generations of cardio-cerebral vascular

medicines via the molecular modification of TMP.

The antioxidant resveratrol (RES) was initially used

for cancer therapy and has now shown beneficial ef-

fects against most degenerative and cardiovascular

diseases from atherosclerosis, hypertension, ische-

mia/reperfusion, and heart failure to diabetes, obesity,

and aging [19]. Therefore, the pharmacophore of RES

(-styryl) was introduced to the methyl position of

TMP by hybridization and bioisosteric replacement to

improve the pharmacodynamic and pharmacokinetic

properties of TMP and RES.

In this study, we investigated the cytoprotective ef-

fect and underlying mechanism of one of the deriva-

tives, (E)-2-(2-chlorostyryl)-3,5,6-trimethyl-pyrazine

(CSTMP), against oxidation injury to HUVECs in-

duced by H�O�.

Materials and Methods

Materials

The stilbene derivative CSTMP was synthesized by

the Institute of Medical Chemistry of Shandong Uni-

versity. Trypsin, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-di-

phenyltetrazolium bromide (MTT), dimethyl sulfox-

ide (DMSO), 1,1-diphenyl-2-picrylhydrazyl radical

(DPPH), resveratrol, Annexin V fluorescein isothio-

cyanate (Annexin V-FITC) and propidium iodide (PI)

were purchased from Sigma (St. Louis, MO, USA).
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Fig. 1. Chemical structure of CSTMP



Hydrogen peroxide (30% H�O� solution) was ob-

tained from Wako (Osaka, Japan). Monoclonal rabbit

anti-human extracellular signal-regulated kinase-1/2

(ERK1/2), phospho-ERK1/2 (Thr202/Tyr204) and

caspase-3 antibodies and an antibody against �-tub-

ulin were purchased from Cell Signaling Technology

(Boston, MA, USA). Monoclonal mouse anti-human

phospho-c-Jun NH�-terminal kinase (JNK) and phos-

pho-p38 antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Biotinylated

goat anti-rabbit IgG, goat anti-mouse IgG and nitro-

cellulose membranes were purchased from Amer-

sham (Buckinghamshire, UK). The LumiGLO Re-

serve Chemiluminescent Substrate Kit was purchased

from KPL (Gaithersburg, MD, USA). Human umbili-

cal vein endothelial cells (HUVECs) and endothelial

cell medium (ECM) were purchased from Sciencell

Research Laboratories (San Diego, CA, USA). The

lactate dehydrogenase (LDH), superoxide dismutase

(SOD), reduced glutathione (GSH), nitric oxide syn-

thase (NOS) and nitric oxide (NO) detection kits were

purchased from the Nanjing Jiancheng Bioengineer-

ing Institute (Nanjing, PR China). All other chemicals

used were of analytical grade and obtained from

Shanghai Sangon Biological Engineering Technology

& Sciences Co. Ltd. (Shanghai, China).

Estimation of radical scavenging activity (RSA)

by the DPPH test

DPPH was used as the stable radical. The antioxida-

tive potential of CSTMP was studied against DPPH

[24]. For each concentration of CSTMP and RES

tested (12.5, 25, 50 and 100 µmol/ml), the reduction

of the DPPH radical was followed by monitoring the

decrease of absorbance at 516 nm. The absorption

was monitored at the start and at 10 min using an

Agilent 8453 UV-Visible spectrophotometer (Agilent

Technologies, USA). The results are expressed as %

RSA = [Abs516 nm (t = 0) – Abs516 nm (t = 10 min)

× 100/Abs516 nm (t = 0)].

Cell culture and treatment

HUVECs were cultured in ECM supplemented with

10% (v/v) heat-inactivated fetal bovine serum,

100 U/ml penicillin and 100 µg/ml streptomycin in

a humidified atmosphere of 5% CO�/95% air at 37°C

in polylysine-coated flasks.

For all experiments, the cells were used at passages

3 to 6 and seeded at a concentration of 1 × 10� cells/ml.

CSTMP or RES was freshly prepared as a stock solu-

tion in DMSO and diluted with ECM supplement

(0.1% (v/v) DMSO). DMSO was present at equal

concentrations (0.03%) in all groups. The H�O� was

freshly prepared before each experiment. CSTMP or

RES was pretreated for 30 min before cells were ex-

posed to H�O� (150 µmol/l).

Cell viability measurement by MTT assay

Cell viability was measured by the MTT assay.

Briefly, after 12 h exposure to H�O�, 20 µl of MTT

dye was added to each well at a final concentration of

0.5 mg/ml. After 4 h of incubation, 200 µl of DMSO,

the solubilization/stop solution, was added to dissolve

the formazan crystals, and the absorbance was read

using a microtiter plate reader (Spectra Rainbow,

Tecan, Austria) at a wavelength of 570 nm.

Detection of cellular LDH release

HUVECs in 6-well plates were pretreated with

CSTMP or RES for 30 min and then stimulated with

H�O� (150 µmol/l) for 12 h. LDH release into the su-

pernatant of cells was measured using a commercially

available kit according to the manufacturer’s protocol.

To determine the intracellular LDH activity, cells

were washed twice with ice-cold PBS and lysed in

500 µl lysis buffer (150 mM NaC1, 150 mM Tris-

HCl, 1 mM EDTA, and 1% Triton X-100). The super-

natants were obtained by centrifugation at 10,000 rpm

at 4°C for 10 min. LDH release (%) = (LDH activity

in supernatants)/(LDH activity in supernatants + LDH

activity in total cells) × 100% [13].

Detection of malondialdehyde (MDA) and NO

contents and enzymatic activity

HUVECs were pretreated with CSTMP or RES for

30 min and then stimulated with H�O� (150 µmol/l)

for 12 h in 6-well plates. The cells were lysed with ex-

traction buffer (20 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,

2.5 mM sodium pyrophosphate, 1 mM � -glyceropho-

sphate, 1 mM Na�VO�, 1 µg/ml leupeptin, and 1 mM

PMSF). Cell lysates from each well were collected

and used for determination of the MDA and NO con-

tents and enzymatic activity. Protein concentrations of
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cell extracts were determined by the BCA assay

(Hyclone-Pierce, South Logan, USA). The total levels

of MDA, the lipid peroxidation product, were assayed

by the thiobarbituric acid method, based on quantify-

ing malondialdehyde-reactive products at 532 nm

[26]. The NO level and constitutive NOS (cNOS) ac-

tivities were detected using NO and cNOS detection

kits based on the quantitation of NO�

� at 540 nm by

the nitrate reductase assay, because NO was easily

oxidized to NO�

� and NO�

�, and subsequently, NO�

� is

changed into NO�

� by a specific reduction reaction.

Superoxide dismutase (SOD) activity was measured

using a commercial kit based on the hydroxylamine

assay developed from the xanthine oxidase assay.

GSH was determined by a commercial kit based on

the reaction with 2,2’-dinitro-5,5’-dithio-benzoic acid

to yield a chromophore with a maximum absorbance

at 412 nm.

Fluorescent staining of cells with Hoechst 33258

Nuclear morphology changes of apoptotic cells were

investigated by labeling the cells with the nuclear stain

Hoechst 33258. The cells on the coverslips were fixed

in 4% paraformaldehyde in PBS for 30 min. The cells

were then stained with 10 µg/ml Hoechst 33258 under

dark conditions at room temperature for 10 min. After

washing three times with PBS, cells were observed

under fluorescence microscopy (excitation, 340 nm;

emission, 460 nm) (AX80; Olympus, Tokyo, Japan).

Cell apoptosis detection by flow cytometry

Early apoptosis and late apoptosis/necrosis induced

by H�O� were detected quantitatively by flow cy-

tometric analysis using Annexin V and PI [7]. Cells

were harvested by non-enzymatic cell dissociation

and centrifugation (120 × g, 5 min) to remove the me-

dium. The cells were washed three times with binding

buffer (10 mM Hepes, 140 mM NaCl, and 2.5 mM

CaCl�) and stained with 10 µl 20 µg/ml Annexin

V-FITC. After a 30 min incubation, cells were washed

with binding buffer, incubated with 5 µl PI (final con-

centration, 3.7 µM) for 10 min, and then kept on ice

without exposure to light, prior to analysis by flow

cytometry. The Annexin V and PI emissions were de-

tected in the FL1-H and FL2-H channels of a FACS-

Vantage flow cytometer (Becton Dickinson Immuno-

cytometry System, San Jose, CA, USA), using emis-

sion filters of 525 and 575 nm, respectively.

Measurement of ERK1/2, phospho-JNK,

phospho-p38 and caspase-3 by western blot

analysis

After treatment with CSTMP or RES, confluent

monolayers of cells were washed twice in ice-cold

PBS and lysed with extraction buffer (20 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophos-

phate, 1 mM � -glycerophosphate, 1 mM Na�VO�,

1 µg/ml leupeptin, and 1 mM PMSF). The protein

concentrations of the cell extracts were determined by

the BCA assay (Hyclone-Pierce, South Logan, USA).

Total cell lysate was subjected to SDS-polyacryl-

amide gel electrophoresis (PAGE), transferred to a ni-

trocellulose membrane, and incubated with mono-

clonal antibodies against ERK1/2, phospho-ERK1/2

(Thr202/Tyr204), phospho-JNK, phospho-p38, cas-

pase-3, and �-tubulin. Immunoblots were developed

using horseradish peroxidase-conjugated secondary

antibodies [29]. Immunoreactive bands were visual-

ized by the enhanced chemiluminescent (ECL) sys-

tem (Amersham Pharmacia Biotech, Piscataway, NJ,

USA) and quantified by densitometry using a Chemi-

Doc XRS (Bio-Rad, Berkeley, California, USA). The

density of each band was normalized to �-tubulin or

�-actin for their respective lanes.

Statistical analysis

The values are expressed as the means ± SD. Statisti-

cal comparisons were performed by ANOVA fol-

lowed by the Fisher’s protected least significance dif-

ference (PLSD) test. A probability value < 0.05 was

considered significant.

Results

In vitro antioxidative potential of CSTMP

The antioxidative potential of CSTMP was assessed

against DPPH. The results showed that CSTMP had

a moderate antioxidative effect against DPPH, which

was less than the effect of equal molar concentrations

of RES (Fig. 2).
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CSTMP increases HUVEC viability in response

to H2O2

The effects of CSTMP on the growth of HUVECs ex-

posed to oxidative damage in response to H�O� were

investigated by the MTT method. The exposure of

HUVECs to H�O� at 150 µmol/l for 12 h resulted in a

significant reduction of cell viability (Fig. 3). Pre-

treatment of the cells with CSTMP for 12 h, however,

attenuated the H�O� effect on cell viability in a dose-

dependent manner. A similar protective effect was ob-

served in the RES treated-group.

CSTMP inhibits LDH release from HUVECs

damaged by H2O2

Treatment of HUVECs with 150 µmol/l H�O� for 12 h

caused a significant increase of LDH release (an indi-

cator of membrane integrity) (Fig. 4). Pre-treatment

of the cells with various concentrations of CSTMP for

30 min prior to incubation with H�O� significantly

prevented the LDH release induced by H�O� in

a CSTMP concentration-dependent manner. A similar

protective effect was observed in the RES treated-

group.

CSTMP decreases lipid peroxidation and in-

creases free radical scavenge

Incubation of HUVECs with 150 µmol/l H�O� for 12 h

caused a significant increase in MDA content and

a marked decrease of SOD and GSH-Px activities

(Tab. 1). CSTMP pre-treatment significantly attenuated

the increase in MDA content and decreased the SOD

and GSH-Px activities in response to H�O� in

a CSTMP concentration-dependent manner. In com-

parison to the H�O�-group, CSTMP treated-groups re-

duced the amounts of MDA by 6.0% (25 µmol/l),

45.8% (50 µmol/l) and 32.8% (100 µmol/l). The ac-

tivities of SOD were increased by 41.1% (25 µmol/l),

70.0% (50 µmol/l) and 71.5% (100 µmol/l). The ac-

tivities of GSH-Px were increased by 18.1% (25 µmol/l),

43.2% (50 µmol/l) and 91.7% (100 µmol/l) by CSTMP.

A similar protective effect was observed in the RES

treated-group.
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Fig. 2. Effect of CSTMP using the DPPH test. For each concentration
of CSTMP and RES tested (12.5, 25, 50 and 100 µmol/ml), the reduc-
tion of DPPH radical was followed by monitoring the decrease of ab-
sorbance at 516 nm. The % RSA data are expressed as the means
± SD (n = 6). * p < 0.05, ** p < 0.01 vs. RES group at the same con-
centration

Fig. 3. Effect of CSTMP on HUVECs viability in response to H
�
O
�
.

Cells were incubated with CSTMP or RES for 30 min and then ex-
posed to H

�
O
�

(150 µM) for 12 h before the cell viability was deter-
mined by the MTT assay. All data are expressed as the means ± SD
(n = 8). �� p < 0.01 vs. unstimulated cells; ** p < 0.01 vs. H

�
O
�
stimu-

lated cells

Fig. 4. Effect of CSTMP on H
�
O
�
-induced release of LDH in HUVECs.

Cells were incubated with CSTMP or RES for 30 min and then
exposed to H

�
O
�

(150 µM) for 12 h before the LDH release was
measured. All data are expressed as the means ± SD (n = 8).
�� p < 0.01 vs. unstimulated cells; ** p < 0.01 vs. H

�
O
�
-stimulated

cells; � p < 0.05 vs. cells treated with H
�
O
�

+RES



Involvement of the MAPK pathway in the

anti-oxidative stress action of CSTMP

ERK, JNK and p38 are the main members of the

MAPK family. ERK is an important protein that con-

trols the cellular response to both proliferation and

stress signals. JNK and p38 are mainly involved in

apoptosis and growth. We investigated the effects of

CSTMP on the expression levels of ERK1/2, phos-

pho-ERK1/2 (P-ERK1/2), phospho-JNK (P-JNK) and

phospho-p38 (P-p38) in HUVECs in response to

H�O� treatment. The time course results of ERK ex-

pression are shown in Figure 5. The expression of

P-ERK1/2 gradually elevated and was maximal by

12 h after H�O� exposure, which was consistent with

a previous study [8]. CSTMP pretreatment signifi-

cantly increased the expression of P-ERK1/2 com-

pared with H�O�-treated groups at 15 min and 12 h,

respectively, but there were no effects at other time

points. The effects of CSTMP or RES on the expres-

sion levels of ERK1/2, P-ERK1/2, P-JNK and P-p38

were observed after exposure to H�O� for 12 h. Re-
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Tab. 1. Effects of CSTMP on the MDA amount increase, GSH level and SOD activity decrease in HUVECs exposed to H
�
O
�

(x ± SD, n= 8)

Groups Dose (µmol/l) MDA (nmol/mg prot) SOD (U/mg prot) GSH (µg/mg prot)

Normal — 1.69 ± 0.14 17.75 ± 2.40 1.25 ± 0.27

H2O2 150 5.12 ± 0.17## 10.13 ± 0.41## 0.72 ± 0.09##

RES + H2O2 50 3.76 ± 0.53** 17.88 ± 1.00** 1.20 ± 0.04**

CSTMP + H2O2 100 3.44 ± 0.28** 17.37 ± 1.43** 1.38 ± 0.03**

50 3.60 ± 0.31** 17.20 ± 1.27** 1.05 ± 0.12**

25 4.83 ± 0.68 14.29 ± 1.85** 0.85 ± 0.21

�� p < 0.01, significant difference compared with the normal group. ** p < 0.01, significant difference compared with the H�O�-treated group
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Fig. 5. Time course of the effect of
CSTMP on H

�
O
�
-induced activation of

p-ERK1/2 in HUVECs. HUVECs were
pretreated with 100 µM CSTMP or
100 µM RES for 30 min and then ex-
posed to H

�
O
�

(150 µM) for 15 min,
30 min, 60 min, 4 h, 8 h and 12 h. The
expression of P-ERK1/2 was deter-
mined by western blot analysis. Repre-
sentative blots and quantitative data
evaluated by densitometry are shown
(n = 3). The data are expressed as the
means ± SD. ** p < 0.01 vs. H

�
O
�
-

treated cells at the same time point



sults showed that the expression of P-ERK1/2 in HU-

VECs pretreated with CSTMP was increased, while

there was no significant change in the total ERK

protein level. However, pretreatment of RES had no

effect on the expression of either ERK1/2 or P-ERK

1/2 (Fig. 6A–D). The expression of P-JNK and P-p38

was increased in HUVECs exposed to H�O� for 15, 30

and 60 min. After pretreatment with CSTMP, the ex-

pression of both proteins was inhibited significantly

(Fig. 10).

CSTMP inhibits apoptosis induced by H2O2

To evaluate the cytoprotective action of CSTMP on

apoptosis induced by H�O�, the nuclei of HUVECs

were stained with Hoechst 33258 and assessed by

fluorescent microscopy. Cells that exhibited reduced

nuclear size, chromatin condensation, intense fluores-

cence, and nuclear fragmentation were considered

apoptotic. The microscopic pictures in Figures 7A–F

show that the control cells had intact nuclei, whereas

the H�O�-treated cells show significant nuclear frag-

mentation. These changes in the nuclear characteris-

tics of apoptosis were rescued significantly in the

cells pretreated with CSTMP. Moreover, 50 µM

CSTMP showed better effects on the inhibition of

apoptotic cell numbers than RES at an equal dosage

(Fig. 7G).

In addition to the morphological evaluation, the

protective effect of CSTMP against apoptosis was

confirmed by flow cytometric analysis using the An-

nexin V and the PI double-staining system. The An-
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Fig. 6. Effects of CSTMP on the ex-
pression of ERK1/2 and P-ERK1/2 in
HUVECs in response to H

�
O
�
. HUVECs

were pretreated with 100 µM CSTMP
or 100 µM RES for 30 min and then ex-
posed to H

�
O
�

(150 µM) for 12 h. The
cells were lysed, and the expression
levels of ERK1/2 and P-ERK1/2 were
determined by western blot analysis.
Representative blots (A, ERK1/2; C,
P-ERK1/2) and quantitative data evalu-
ated by densitometry (B for ERK1/2,
D for P-ERK1/2) are shown (n = 3). The
data are expressed as the means
± SD. �� p < 0.01 vs. unstimulated
cells; ** p < 0.01 vs. H

�
O
�
-stimulated

cells; � p < 0.05 vs. cells treated with
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Fig. 7. Inhibitory effect of CSTMP on
H
�
O
�
-induced apoptosis in HUVECs.

Cells were incubated with CSTMP or
RES for 30 min and then exposed to
H
�
O
�

(150 µM) for 12 h. The cells were
stained with the DNA-binding fluoro-
chrome Hoechst 33258. Fluorescence
micrographs of HUVEC nuclei from un-
treated cells (A); H

�
O
�
-treated cells

(B); cells preincubated with 50 µM
RES (C) or 25 µM (D), 50 µM (E), and
100 µM (F) CSTMP for 30 min before
H
�
O
�
. Scale bar = 50 µM. The arrows

indicate apoptotic cells. The percent-
age of apoptotic cells in 100 cells is
scored in 4 random observations. The
results shown in (G) are the mean
± SD. �� p < 0.01 vs. unstimulated
cells; ** p < 0.01 vs. H

�
O
�
-stimulated

cells; � p < 0.05 vs. cells treated with
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Fig. 9. Effect of CSTMP on H
�
O
�
-

induced elevation of apoptosis marker
caspase-3. HUVECs were pretreated
with 50 µM, 100 µM CSTMP and 50 µM
RES for 30 min and then exposed to
H
�
O
�

(150 µM) for 12 h. The cells were
lysed, and the expression of caspase-
3 was analyzed by western blotting.
Representative blots and quantitative
data evaluated by densitometry are
shown (n = 3). The data are expressed
as the means ± SD. �� p < 0.01 vs. un-
stimulated cells; ** p < 0.01 vs.

H
�
O
�
-stimulated cells; � p < 0.05 vs.

cells treated with H
�
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�
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Fig. 8. Inhibitory effect of CSTMP on
cell apoptosis and necrosis induced
by H

�
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�
. HUVECs were incubated in

drug-free medium (A) or medium con-
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�
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(B) for 12 h or cells were
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nexin V�/PI� population was regarded as normal

healthy cells, while the Annexin V�/PI� cells were

taken as a measure of early apoptosis and Annexin

V�/PI� as necrosis/late apoptosis. Typical examples

are shown in Figures 8A–F. Using this method, we

found that the control group had 93% intact, living

cells and 7% of cells in the early and late phases of

apoptosis. An increase of apoptotic cells was ob-

served in the H�O�-treated group with a lower number

of living cells. CSTMP administration led to a repro-

ducible decrease in the rate of early apoptosis and ne-

crosis/late apoptosis in cells exposed to H�O�. This

positive effect of CSTMP was observed in a dose-

dependent manner (Fig. 8G).

CSTMP inhibits caspase-3 expression

in apoptotic HUVEC induced by H2O2

To test whether CSTMP affected the expression of

caspase-3 (the apoptosis marker), an antibody specific

to caspase-3 was used for western blot analysis. In

cells exposed to H�O� for 12 h, the expression of

caspase-3 was enhanced significantly. However, in

H�O�-exposed cells treated with CSTMP at concentra-

tions of 50 µM and 100 µM and 50 µM of RES,

the increased expression of caspase-3 was inhibited

(Fig. 9). These results demonstrate that CSTMP could

prevent oxidant-induced apoptosis through inhibition

of caspase-3 activation.

CSTMP promotes NO production and cNOS

activity in HUVECs in response to H2O2

Incubation of HUVECs with 150 µmol/l H�O� for

12 h caused a significant decrease of the NO content

and cNOS activity (Fig. 11 A,B). CSTMP pre-treatment

significantly promoted the synthesis and release of

NO directly by increasing the activity of cNOS in

HUVECs in a concentration-dependent manner.

A similar effect was observed in the RES-treated

group.
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Fig. 11. Effect of CSTMP on the NO contents (A) and NOS activity (B) in HUVECs exposed to H
�
O
�
. HUVECs were pretreated with 50 µM,

100 µM CSTMP and 50 µM RES for 30 min and then exposed to H
�
O
�

(150 µM) for 12 h. The cells were lysed, and the NO contents and NOS ac-
tivity were determined by commercial kits. The data are expressed as the means ± SD. �� p < 0.01 vs. unstimulated cells; ** p < 0.01 vs.

H
�
O
�
-stimulated cells
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Fig. 10. Effect of CSTMP on the ex-
pression of phospho-JNK and phos-
pho-p38 in HUVECs in response to
H
�
O
�
. HUVECs were pretreated with

or without 100 µM CSTMP for 30 min
and then exposed to H

�
O
�

(150 µM)
for 15, 30, and 60 min. The cells were
lysed, and the expression levels of
phospho-JNK and phospho-p38 were
determined by western blot analysis.
Representative blots of three inde-
pendent experiments are shown



Discussion

Endothelial dysfunction has been implicated in the

initiation and propagation of vascular disease pro-

cesses, including atherosclerosis, hypertension, car-

diac hypertrophy and congestive heart failure [6].

Oxidative stress induced by ROS, e.g., superoxide,

H�O� and peroxynitrite, is believed to be a key cause

of endothelial cell dysfunction [17]. In the present

study, we observed that H�O� can markedly increase

the permeability of HUVECs, as demonstrated by

LDH release, and lead to massive apoptosis, as evi-

denced by flow cytometry. Pretreatment of CSTMP

on the cells effectively protects HUVECs from H�O�-

induced damage through anti-oxidative approach and

from apoptosis through inhibition of the caspase-3

and ERK pathway.

TMP and RES are important therapeutic agents for

the treatment of some cardiovascular diseases based

on their antioxidant and other pharmacological activi-

ties. CSTMP is a novel stilbene derivative via mo-

lecular medication of TMP and RES to improve phar-

macodynamic and pharmacokinetic properties of

TMP and RES.

Oxidative metabolites are involved in the func-

tional inactivation of endothelial cells by increasing

permeability and as potent inducers of endothelial cell

death. The level of MDA reflects the extent of cell

damage by oxidative stress. The antioxidant enzyme

SOD and reductive compound GSH are thought to be

effective for the augmentation of antioxidant defenses

in endothelial cells. SOD scavenges superoxide radi-

cals by converting them to hydrogen peroxide, which

is then converted to water by catalase and GSH-Px.

Our results showed that CSTMP reduced the decline

of the activity of SOD and the level of GSH and aug-

mented MDA content in HUVECs in response to

H�O�. This suggests that the cytoprotective effect of

CSTMP was likely related to the restoration of en-

dogenous antioxidation and the decrease of lipid per-

oxidation. Moreover, CSTMP also showed a moderate

extracellular antioxidative effect against the DPPH

test, although this effect was less than that of RES

with an equal concentration of 100 µmol/ml.

Excessive production of reactive oxygen species in

cells can either directly or indirectly lead to mitochon-

drial dysfunction, apoptosis, and cell death [25]. This

study showed that the apoptosis of HUVECs was in-

duced by H�O�. CSTMP strongly prevented apoptotic

morphological and biochemical changes in HUVECs

and reduced the extent of apoptotic cell death. To elu-

cidate the underlying mechanism of anti-apoptotic ef-

fects of CSTMP, we chose three components of the

MAPK family as indicators of apoptosis in the apop-

totic signaling pathways: ERK1/2, JNK and p38.

MAPK cascades belong to the protein kinase signal

transduction pathways that are differentially used to

transmit numerous extracellular signals within cells

and have been reported to be involved in various cel-

lular functions, including stress responses and apopto-

sis [18]. In particular, many protein kinases and tran-

scription regulatory factors are activated under condi-

tions of oxidative stress due to ROS [2, 16, 20]. In the

present study, the results confirmed that H�O�-in-

duced apoptosis was mainly mediated by the activa-

tion of p38 and JNK MAPK. CSTMP has potent anti-

apoptotic action by inhibiting p38 and JNK phospho-

rylation and promoting ERK1/2 activation in the pro-

cess of cellular oxidative stress. In our experiment,

the ERK pathway was activated transiently after ex-

posure to H�O�, which is thought to be a part of the

cell defense mechanism [8]. However, it has been

shown that the relatively stable activation of ERK

contributes to antioxidant defense mechanisms [5].

Indeed, we found that CSTMP produced an elevation

of ERK phosphorylation.

ROS can also induce the release of cytochrome C

from mitochondria, stimulating proteolytic caspases.

Caspases is a family of cysteine proteases that cleave

target proteins at specific residues. Among the more

than ten members of the caspase family identified,

caspase-3 is a major player in the apoptosis induced

by oxidative stress [23]. Previous study indicates that

upregulating ERK1/2 activation and downregulating

p38 activation inhibit caspase-3 activation [1]. In this

paper, we observed that there was an attenuated activ-

ity of caspase-3 in CSTMP group compared to H�O�

group, indicating CSTMP could prevent from oxida-

tive stress induced apoptosis of HUVECs by enhanc-

ing the phosphorylation levels of pERK1/2 and hence

inhibiting caspase-3 activation.

NO is an endogenously generated mediator of

smooth muscle relaxation and an inhibitor of plate-

let/leukocyte activation. It was reported that NO syn-

thesized from the endothelium could inhibit apoptosis

induced by various apoptotic stimuli [3, 9]. The pro-

duction of ROS may result in reduced availability of

NO. The balance between NO and O�

� may be broken
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due to accumulation of superoxide anions in the cells,

and inactivation of NO by O�

� may contribute to vas-

cular dysfunction as reduction of available NO leads

to impaired endothelium-dependent relaxation [12].

In addition, physiological levels of NO prevent apop-

tosis and interfere with the activation of the caspase

cascade [22]. In this study, CSTMP significantly in-

creased the content of NO in HUVECs by activation

of NOS in a concentration-dependent manner. We

also observed that the anti-apoptotic action and inacti-

vation of caspase-3 by CSTMP are paralleled by an

increase of NO content. These results suggest that in-

crease of NO formation contributed to inhibit endo-

thelial cells apoptosis induced by H�O�.

In conclusion, CSTMP significantly protected

HUVECs against H�O� damage via anti-oxidative and

anti-apoptosis pathways. The antioxidant CSTMP di-

minishes the apoptosis of HUVECs by inhibiting the

activation of caspase-3, JNK and p38 MAPK and by

promoting the phosphorylation of ERK1/2 and NO

synthesis. These findings suggest that CSTMP may

have important potential for the development of new

agents for the effective treatment of vascular diseases.

Acknowledgments:

This work was funded by the National Science Foundation of

China Grants (30672451), the Shandong Province Outstanding

Young Scientists Research Award Fund Project (BS2010SW020)

and the Independent Innovation Foundation of Shandong

University (2009TS112).

References:

1. Berra E, Diaz-Meco MT, Moscat J: The activation of p38

and apoptosis by the inhibition of Erk is antagonized by

the phosphoinositide 3-kinase/Akt pathway. J Biol

Chem, 1998, 273, 10792–10797.

2. Choi YJ, Jeong YJ, Lee YJ, Kwon HM, Kang YH:

(–)Epigallocatechin gallate and quercetin enhance sur-

vival signaling in response to oxidant-induced human

endothelial apoptosis. J Nutr, 2005, 135, 707–713.

3. Dimmeler S, Zeiher AM: Endothelial cell apoptosis in

angiogenesis and vessel regression. Circ Res, 2000, 87,

434–439.

4. Dimmeler S, Zeiher AM: Nitric oxide-an endothelial cell

survival factor. Cell Death Differ, 1999, 6, 964–968.

5. Dugan LL, Creedon DJ, Johnson EM Jr, Holtzman DM:

Rapid suppression of free radical formation by nerve

growth factor involves the mitogen-activated protein ki-

nase pathway. Proc Natl Acad Sci USA, 1997, 94,

4086–4091.

6. Gonzalez MA, Selwyn AP: Endothelial function, inflam-

mation, and prognosis in cardiovascular disease. Am J

Med, 2003, 115, Suppl 8A, 99S–106S.

7. Guo S, Bezard E, Zhao B: Protective effect of green tea

polyphenols on the SH-SY5Y cells against 6-OHDA in-

duced apoptosis through ROS-NO pathway. Free Radic

Biol Med, 2005, 39, 682–695.

8. Guyton KZ, Liu Y, Gorospe M, Xu Q, Holbrook NJ:

Activation of mitogen-activated protein kinase by H2O2,

role in cell survival following oxidative injury. J Biol

Chem, 1996, 271, 4138–4142.

9. Haendeler J, Zeiher AM, Dimmeler S: Nitric oxide and

apoptosis. Vitam Horm, 1999, 57, 49–77.

10. Heo JM, Kim HJ, Ha YM, Park MK, Kang YJ, Lee YS,

Seo HG et al.: YS 51, 1-(� -naphthylmethyl)-6,7-

dihydroxy-1,2,3,4-tetrahydroisoquinoline, protects endo-

thelial cells against hydrogen peroxide-induced injury

via carbon monoxide derived from heme oxygenase-1.

Biochem Pharmacol, 2007, 74, 1361–1370.

11. Hintz KK, Ren J: Tetramethylpyrazine elicits disparate

responses in cardiac contraction and intracellular Ca2+

transients in isolated adult rat ventricular myocytes.

Vascul Pharmacol, 2003, 40, 213–217.

12. Hou YZ, Zhao GR, Yang J, Yuan YJ, Zhu GG, Hiltunen

R: Protective effect of Ligusticum chuanxiong and An-

gelica sinensis on endothelial cell damage induced by

hydrogen peroxide. Life Sci, 2004, 75, 1775–1786.

13. Hu XZ, Xu Y, Hu DC, Hui Y, Yang FX: Apoptosis in-

duction on human hepatoma cells Hep G2 of decabromi-

nated diphenyl ether (PBDE-209). Toxicol Lett, 2007,

171, 19–28.

14. Kao TK, Ou YC, Kuo JS, Chen WY, Liao SL, Wu CW,

Chen CJ et al.: Neuroprotection by tetramethylpyrazine

against ischemiac brain injury in rats. Neurochem Int,

2006, 48, 166–176.

15. Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D,

Lefer DJ, Sessa WC, Walsh K: The HMG-CoA reductase

inhibitor simvastatin activates the protein kinase Akt and

promotes angiogenesis in normocholesterolemic animals.

Nat Med, 2000, 6, 1004–1010.

16. Kwon SH, Hong SI, Kim JA, Jung YH, Kim SY,

Kim HC, Lee SY, Jang CG: The neuroprotective effects

of Lonicera japonica THUNB against hydrogen

peroxide-induced apoptosis via phosphorylation of

MAPKs and PI3K/Akt in SH-SY5Y cells. Food Chem

Toxicol, 2011, 49, 1011–1019.

17. Lum H, Roebuck KA: Oxidant stress and endothelial cell

dysfunction. Am J Physiol Cell Physiol, 2001, 280,

C719–741.

18. Martindale JL and Holbrook NJ: Cellular response to

oxidative stress: signaling for suicide and survival. J Cell

Physiol, 2002, 192, 1–15.

19. Petrovski G, Gurusamy N, Das DK: Resveratrol in car-

diovascular health and disease. Ann NY Acad Sci, 2011,

1215, 22–33.

20. Piechota A, Polañczyk A, Gor¹ca A: Role of endothelin-1

receptor blockers on hemodynamic parameters and oxi-

dative stress. Pharmacol Rep, 2010, 62, 28–34.

21. Rácz B, Gasz B, Borsiczky B, Gallyas Jr F, Tamás A,

Józsa R, Lubics A et al.: Protective effects of pituitary

adenylate cyclase activating polypeptide in endothelial

�����������	��� 
������ ����� ��� �������	� 1479

CSTMP protective role against oxidative stress in HUVECs
�� ���� �� ��	



cells against oxidative stress-induced apoptosis. Gen

Comp Endocrinol, 2007, 153, 115–123.

22. Rössig L, Fichtlscherer B, Breitschopf K, Haendeler J,

Zeiher AM, Mülsch A, Dimmeler S: Nitric oxide inhibits

caspase-3 by S-nitrosation in vivo. J Biol Chem, 1999,

274, 6823–6826.

23. Somjen D, Knoll E, Kohen F, Stern N: Effects of phytoes-

trogens on DNA synthesis and creatine kinase activity in

vascular cells. Am J Hypertens, 2001, 14, 1256–1262.

24. Spasova M, Philipov S, Nikolaeva-Glomb L, Galabov

AS, Milkova T: Cinnamoyl- and hydroxycinnamoyl am-

ides of glaucine and their antioxidative and antiviral ac-

tivities. Bioorg Med Chem, 2008, 16, 7457–7461.

25. Sugawara T, Chan PH: Reactive oxygen radicals and

pathogenesis of neuronal death after cerebral ischemia.

Antioxid Redox Signal, 2003, 5, 597–607.

26. Wang B, Peng L, Zhu L, Ren P: Protective effect of total

flavonoids from Spirodela polyrrhiza (L.) Schleid on hu-

man umbilical vein endothelial cell damage induced by

hydrogen peroxide. Colloids Surf B Biointerfaces, 2007,

60, 36–40.

27. Yamagishi S, Nakamura K, Matsui T: Role of oxidative

stress in the development of vascular injury and its thera-

peutic intervention by nifedipine. Curr Med Chem, 2008,

15, 172–177.

28. Ye Y, Wang S, Jiang J: Studies on the metabolites of te-

tramethylpyrazine in human urine. Zhongguo Yi Xue Ke

Xue Yuan Xue Bao, 1996, 18, 288–291.

29. Yu J, Eto M, Kozaki K, Akishita M, Okabe T, Ouchi Y:

Raloxifene analogue LY117018 suppresses oxidative

stress-induced endothelial cell apoptosis through activa-

tion of ERK1/2 signaling pathway. Eur J Pharmacol,

2008, 589, 32–36.

Received: May 19, 2011; in the revised form: July 21, 2011;

accepted: August 2, 2011.

1480 �����������	��� 
������ ����� ��� �������	�


	1305	Review Œ Pharmacological activity of Salvinorin A, 
the major component of Salvia divinorum.
	Joanna Listos, Alicja Merska, Sylwia Fidecka

	1310	Review Œ Role of serotonin (5-HT)1B receptors in psychostimulant addiction.
	Joanna Miszkiel, Ma³gorzata Filip, Edmund Przegaliñski

	1316	Review Œ Neurogenesis in the epileptic brain: a brief overview from temporal lobe epilepsy.
	Marta Andres-Mach, John R. Fike, Jarogniew J. £uszczki

	1324	Review Œ Kynurenic acid and kynurenine aminotransferases in retinal aging and neurodegeneration.
	Robert Rejdak, Anselm Junemann, Pawe³ Grieb, Sebastian Thaler, Frank Schuettauf, Tomasz Chor¹giewicz, Tomasz ¯arnowski, Waldemar A. Turski, Eberhart Zrenner

	1335	Review Œ Ezetimibe Œ a new approach in hypercholesterolemia management.
	Dariusz Suchy, Krzysztof £abuzek, Antoni Stadnicki, Bogus³aw Okopieñ

	1349	Effects of the noradrenergic neurotoxin DSP-4 on the expression of a1-adrenoceptor subtypes after antidepressant treatment.
	Grzegorz Kreiner, Agnieszka Zelek-Molik, Marta Kowalska, Adam Bielawski, Lucyna Antkiewicz-Michaluk, Irena Nalepa

	1359	GET73 modulates rat hippocampal glutamate transmission: evidence for a functional interaction with mGluR5.
	Luca Ferraro, Sarah Beggiato, Maria Cristina Tomasini, Tiziana Antonelli, Antonella Loche, Sergio Tanganelli

	1372	Memory-related effects of cholinergic receptor ligands in mice as measured by the elevated plus maze test.
	Marta Kruk, Kinga Tendera, Gra¿yna Bia³a

	1383	Partial lesion of the dopaminergic innervation of the ventral striatum induces ﬁdepressive-likeﬂ behavior of rats.
	Katarzyna Kuter, Wac³aw Kolasiewicz, Krystyna Go³embiowska, Anna Dziubina, Gert Schulze, Klemencja Berghauzen, Jadwiga Wardas, Krystyna Ossowska

	1393	Effect of prior stress on interleukin-1b and HPA axis responses to acute stress.
	Anna G¹dek- Michalska, Joanna Tadeusz, Paulina Rachwalska, Jadwiga Spyrka, Jan Bugajski

	1404	Imipramine counteracts corticosterone-induced enhancement of glutamatergic transmission and impairment of long-term potentiation in the rat frontal cortex.
	Bartosz Bobula, Joanna Wabno, Grzegorz Hess

	1413	Investigations on gastroprotective effect of citalopram, an antidepressant drug against stress and pyloric ligation induced ulcers.
	Bhagawati Saxena, Sanjay Singh

	1427	Modification of local anesthetic-induced antinociception by fentanyl in rats.
	Tufan Mert, Yasemin Gunes, Dilek Ozcengiz

	1435	Paracetamol treatment increases telomerase activity in rat embryonic liver cells.
	Augustinus Bader, Oliver Petters, Mario Keller, Sanja Pavlica

	1442	Novel I1-imidazoline S43126 enhance insulin action in PC12 cells.
	Jerusalem Tesfai, Louis Crane, Genevieve Baziard-Mouysset, Wentsworth Kennedy, Lincoln P. Edwards

	1450	Acute myocardial ischemia enhances the vanilloid TRPV1 and serotonin 5-HT3 receptor-mediated Bezold-Jarisch reflex in rats.
	Sebastian £. £upiñski, Eberhard Schlicker, Anna Pêdziñska-Betiuk, Barbara Malinowska

	1460	Effects of two isomers of DDT and their metabolite DDE on CYP1A1 and AhR function in human placental cells.
	Anna K. Wójtowicz, Ewelina Honkisz, Dorota Ziêba-Przybylska, Tomasz Milewicz, Ma³gorzata Kajta

	1469	Cytoprotective effects of CSTMP, a novel stilbene derivative, against H2O2-induced oxidative stress in human endothelial cells.
	Li Zhai, Peng Zhang, Ren-Yuan Sun, Xin-Yong Liu, Wei-Guo Liu, Xiu-Li Guo

	1481	Effects of bestatin on phagocytic cells in cyclophosphamide-treated mice.
	Magdalena Lis, Bo¿ena Obmiñska-Mrukowicz

	1491	Effect of neuroleptics on cytochrome P450 2C11 (CYP2C11) in rat liver.
	Anna Haduch, Jacek Wójcikowski, W³adys³awa A. Daniel

	1500	Oleanolic acid derivative methyl 3,11-dioxoolean-12-en-28-olate targets multidrug resistance related to ABCB1.
	Anna Paszel, B³a¿ej Rubiœ, Barbara Bednarczyk-Cwynar, Lucjusz Zaprutko, Mariusz Kaczmarek, Johann Hofmann, Maria Rybczyñska

	1518	Comparison of the pharmacokinetics of paracetamol from two generic products in patients after total gastric resection.
	Edyta Sza³ek, Agnieszka Kamiñska, Dawid Murawa, Karol Po³om, Bartosz Urbaniak, Matylda Sobiech, Edmund Grzeœkowiak, Tomasz Grabowski, Anna Wolc, Zenon J. Kokot, Pawe³ Murawa

	SHORT COMMUNICATIONS
	1526	NMDA and AMPA receptors are involved in the antidepressant-like activity of tianeptine in the forced swim test in mice.
	Piotr Wla�, Regina Kasperek, Aleksandra Wla�, Micha³ Szumi³o, Andrzej Wróbel, Gabriel Nowak, Ewa Poleszak


	1533	Enhancement of the anti-immobility action 
of antidepressants by risperidone in the forced swimming test in mice.
	Zofia Rogó¿, Marcin Kabziñski

	1539	Different pattern of changes in calcium binding proteins immunoreactivity in the medial prefrontal cortex of rats exposed to stress models of depression.
	Monika Zadro¿na, Barbara Nowak, Magdalena £asoñ-Tyburkiewicz, Ma³gorzata Wolak, Magdalena Sowa-Kuæma, Mariusz Papp, Gra¿yna Ossowska, Andrzej Pilc, Gabriel Nowak

	1547	Anxiolytic-like effects of olanzapine, risperidone and fluoxetine in the elevated plus-maze test in rats.
	Zofia Rogó¿, Gra¿yna Skuza

	1553	Effects of the histamine (H)3 receptor antagonist ABT-239 on acute and repeated nicotine locomotor responses in rats.
	Joanna Miszkiel, Marta Kruk, Andrew C. McCreary, Edmund Przegaliñski, Gra¿yna Bia³a, Ma³gorzata Filip 

	1560	Low-dose oral caffeine induces a specific form 
of behavioral sensitization in rats.
	Kevin T. Ball, Alex Poplawsky

	1564	Effects of PB190 and PB212, new s receptor ligands, on glucocorticoid receptor-mediated gene transcription in LMCAT cells.
	Gra¿yna Skuza, Magdalena Szymañska, Bogus³awa Budziszewska, Carmen Abate, Francesco Berardi

	1569	Kynurenic acid: a new effector of valproate action? 
	Piotr Maciejak, Janusz Szyndler, Danuta Turzyñska, Alicja Sobolewska, Adam P³a�nik

	1574	Effects of simvastatin on the pharmacokinetics of diltiazem and its main metabolite, desacetyldiltiazem, after oral and intravenous administration in rats: possible role of P-glycoprotein and CYP3A4 inhibition by simvastatin.
	Dong-Hyun Choi, Jin-Seok Choi, Cheng Li, Jun-Shik Choi
	1583	Note to Contributors


	content
	cont
	contents_3'2005
	contents
	abstract
	indeks

