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A novel ligustrazine derivative, tetramethylpyrazine diphenylmethyl piperazidine (TMPDP), prepared by
hybridization and bioisosteric replacement of the molecular structure of TMP, was studied for its protective
effects on oxidative damage of human umbilical vein endothelial cells (HUVECS) in response to hydrogen
peroxide (H205). The antioxidative effect of TMPDP was assessed by the 1,1-diphenyl-2-picrylhydrazyl rad-
ical (DPPH) test. Cell viability was measured using a 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. The activity of lactate dehydrogenase (LDH), superoxide dismutase (SOD) and glutathione
peroxidase (GSH) and the content of malondialdehyde (MDA) in cells were determined by commercial kits.
The intracellular formation of reactive oxygen species (ROS) and the concentration of free intracellular cal-
cium ([Ca?*];) were determined using DCFH-DA assay and with fura-2/AM fluorimetry, respectively. Results
showed that TMPDP had a moderate antioxidative effect against DPPH. Cell viability was decreased
markedly by exposure to H>O.. Introduction of TMPDP, however, significantly increased cell viability,
markedly reduced LDH release from cells and decreased lipid peroxidation in response to H,O, treat-
ment. These effects of TMPDP were accompanied by increased activity of the endogenous antioxidant
enzymes, SOD and GSH, reduced production of ROS and reduced intracellular concentration of Ca?*.
These results suggest that TMPDP protects HUVECs against oxidative damage by scavenging ROS and
regulates intracellular calcium concentration. This might have important implications for the development

of new agents for the effective treatment of vascular disease.

1. Introduction

There is increasing evidence that oxidation stress of endothelial
cells, an imbalance in the cellular production and elimination
of reactive oxygen species (ROS), is involved in the patho-
physiology of several vascular diseases such as atherosclerosis,
diabetes and hypertension (Heo et al. 2007). In particular, H,O,-
induced oxidative stress leads to the death of endothelial cells
as well as many other types of cell. Oxidative stress can damage
the structure of DNA, induce peroxidation of membrane lipids
and proteins, and damage the fluidity and permeability of the
cell membrane (Yamagishi et al. 2008). This reduces the abil-
ity of cells to regulate the concentration of intracellular ions,
especially calcium.

Tetramethylpyrazine (TMP), is a major active component of
the traditional Chinese medicinal herb Chuanxiong (Ligusticum
wallichii Franchat) and is widely used in China like calcium
channel antagonist for the treatment of ischemic diseases, both
cerebrovascular and cardiovascular (Hintz and Ren, 2003; Xu
et al. 2003; Kao et al. 2006). However, pharmacokinetic stud-
ies have shown that TMP displays low bioavailability and is
metabolized quickly in vivo with short half-life, 7', =2.89h
(Ye et al. 1996). TMP also shows accumulating toxicity when it
is administered frequently. Structure-activity relationship stud-
ies indicate that the pyrazine ring of TMP largely determines its
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pharmacodynamics, while the substituted groups (four methyl
groups) primarily appear to govern its pharmacokinetics and tox-
icity (Liu et al. 2003). Therefore, it is possible that modification
of the methyl position of TMP by drug-like groups and pharma-
cophores of some sort could improve the pharmacokinetics of
TMP.

Calcium channel antagonists such as cinnarizine, flunar-
izine, and lomerizine are very important cardiovascular
drugs. The piperazine ring acts as a link in the molecu-
lar structures of these drugs and is considered to be an
active functional group in the drugs. By hybridization and
bioisosteric replacement, we generated a series of novel
ligustrazine derivatives, combining a piperazine with some
pharmacophores or drug-like groups, such as substituted
benzyl, cinnamyl, bisphenylmethyl or ligustrazinyl to form
new integrated structures. Our early studies showed that, in
comparison with TMP, ligustrazine derivatives exhibit lower
ECsy values for protecting endothelial cells from damage
caused by hydrogen peroxide (Cheng et al. 2007). Some
ligustrazine derivatives also presented anti-platelet aggrega-
tion activity, especially tetramethylpyrazine diphenylmethyl
piperazidine (TMPDP), which was synthesized by replac-
ing the methyl group of the TMP molecule with the
(4,4'-fluorine)diphenyl-methyl-piperazidine-methylium group
of flunarizine (Fig. 1).
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Fig. 1: Chemical structure of TMPDP

In this study, we investigated the effects of TMPDP on damage to
human umbilical vein endothelial cells (HUVECS) in response
to H,O,.

2. Investigations and results
2.1. In vitro antioxidative potential of TMPDP

The antioxidative potential of TMPDP was assessed against
DPPH. Results showed that TMPDP had a moderate antiox-
idative effect against DPPH, stronger than equal molar
concentrations of TMP at 120 wmol/ml and similar to TMP at
15, 30, and 60 pwmol/ml (Fig. 2).

2.2. TMPDP increases viability of HUVECsS in response
to H,0,

The effects of TMPDP on the growth of oxidative injury to
HUVEC:s in response to H,O, were investigated by the MTT
method. The exposure of HUVECs to H,O, at 150 pmol/L
for 6h or 12h resulted in significant reductions in cell viabil-
ity (Fig. 3). Pretreatment of the cells with TMPDP for 12h,
however, attenuated the effect of H,O, on cell viability in a
dose-dependent manner.

2.3. TMPDP inhibits LDH release from HUVECs
damaged by H,0,

Treatment of HUVECs with 150 wmol/L H,O, for 6h or 12h
caused a significant increase of LDH release (an indicator of
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Fig. 3: Effect of TMPDP on HUVECs viability in response to H,O,. Cells incubated
with TMPDP for 30 min and then exposed to H,O5 (150 pwmol/L) for 6 h or
12 h before cell viability was determined by MTT method. All data expressed
as mean+ S.D. (n=8). #P <0.01, compared with unstimulated cells;
“P<0.05 and ™ P <0.01, compared with H,O,-stimulated cells; TP <0.05
and 1TP<0.01, compared with cells treated with H,O, +TMP
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Fig. 2: Effect of TMPDP against DPPH test. For each concentration of TMPDP and
TMP tested (15, 30, 60 and 120 pmol/ml), reduction of DPPH radical was
followed by monitoring decrease of absorbance at 516 nm. Data of % RSA
expressed as mean + S.D. (n=6). *P <0.05, compared with 120 pwmol/ml
TMP-treated group
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Fig. 4: Effect of TMPDP on H,0O;-induced release of LDH in HUVECs, Cells
incubated with TMPDP or TMP for 30 min and then exposed to 150 wmol/L
H,0, for 6 h or 12 h before LDH release was measured. All data expressed as
mean+ S.D. (n=38). #P<0.01, compared with unstimulated cells; *P<0.05
and P < 0.01, compared with H,O,-stimulated cells; TP <0.05, compared
with cells treated with H,O, +TMP

membrane integrity) (Fig. 4). Pre-treatment of the cells with
various concentration of TMPDP for 30 min prior to incubation
with H,O; significantly inhibited LDH release induced by H,O,
in a TMPDP concentration-dependent manner.

2.4. Effect of TMPDP on lipid peroxidation and free
radical scavenging

Incubation of HUVECs with 150 wmol/L H,O; for 12 h caused
a significant increase of MDA content and a marked decrease of
SOD and GSH-Px activities (Table). TMPDP pre-treatment sig-
nificantly attenuated the increase in MDA content and decreased
SOD and GSH-Px activity in response to H,O, in a TMPDP
concentration-dependent manner. In comparison to the H,O,-
only group, in the TMPDP treated groups the amounts of MDA
were reduced by 16.3 % (10 pmol/L), 22.3 % (50 p.mol/L) and
26.9 % (100 wmol/L), respectively. The activities of SOD were
increased by 11.6 % (50 pmol/L) and 19.8 % (100 pwmol/L)
respectively. The activities of GSH-Px were increased by 14.6 %
(10 pmol/L), 43.2 % (50 pmol/L) and 59.2 % (100 pmol/L) by
TMPDP.
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Table: Effects of TMPDP on MDA level, SOD activity and GSH-Px activity in HUVECs injured by H,O, (x £ s, n = 8)

Groups Dose (umol/L) MDA (nmol/ml) SOD (U/ml) GSH-Px (U/ml)
Normal — 2.26 £0.50 23.02+1.55 13424+6.3
H,0, 150 3.68+0.72" 16.07£1.12™ 64.44+£94™
TMP + H,0, 50+150 3.00 £0.79* 17.134+0.73% 76.44+9.7%
10+ 150 3.08 £0.52* 16.85£0.63 73.84+10.3%
TMPDP + H,0, 50+150 2.8640.75% 17.94 £ 1.34% 92.2 + 8.5
100+ 150 2.69 4 0.45% 19.25+0.81%# 102.54+10.3%

P<0.01, Significant difference compared with normal control group
#p<0.05,"P <001, Significant difference compared with Hy O, group
ftpP<0.01, Significant difference compared with TMP group

2.5. Effect of TMPDP on cellular production of ROS

The production of ROS in HUVECsS in response to H;O, was
examined using the fluorescence probe DCF. We found that
H,0, treatment resulted in an increase in DCF fluorescence
intensity compared with cells treated with cultured medium only
(Fig. 5). The increase in the DCF signal was suppressed by pre-
treatment of the cells with 10, 50 or 100 wmol/L TMPDP. These
results indicate that TMPDP effectively inhibited the production
of cellular total ROS.

2.6. Effect of TMPDP on intracellular Ca**
concentration

The fluorescent Ca* indicator, fura 2-AM, was used to measure
the intracellular Ca?* concentration ([Ca®*]i). In the presence of
Ca?* in the culture medium, addition of TMPDP for 10, 15, 20
and 30 min, respectively reduced the intracellular concentration
of Ca®* inresponse to subsequent H,O5 stimulation (Fig. 6). The
presence of TMP showed a similar effect on [Ca?*]; as TMPDP,
though to a lesser extent, especially with treatment for 30 min.

3. Discussion

The vascular endothelium forms a cellular interface between
the blood and underlying tissue, encompassing the entire
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Fig. 5: Effect of TMPDP on ROS production in HUVECs in response to H,O,. Cells
labeled with non-toxic fluorescence dye, DCFH-DA, and treated with
different concentrations of TMPDP or TMP (50 pmol/L) for 30 min followed
by exposed to H,O5 (150 pwmol/L) for 12 h. Fluorescence intensities of DCF
due to oxidation of DCFH by cellular ROS (generated by H,0,) detected
(Ex =485 nm and Em =535 nm). ROS produced quantified by DCF
fluorescence and depicted as percentage of fluorescence increase. All data
expressed as mean + S.D. (n=38). H,0, (150 pmol/L) increased oxidized
DCEF levels, which were significantly decreased by the presence of TMPDP.
#pP<0.01, compared with the unstimulated cells; “P <0.05, compared with
H,0,-stimulated cells; TP <0.05 and P <0.01, compared with cells treated
with H,O, +TMP
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Fig. 6: Effect of TMPDP on intracellular Ca®* concentration in HUVECs injured by
H,0,. Fura 2-AM loaded cells treated with TMPDP at 10, 50, 100 pmol/L,
or 50 wmol/L TMP for 10, 15, 20, 30 min respectively and followed by
incubation with H>O; for another 30 min. Unstimulated cells group treated
with culture medium only. Fluorescence measurements converted to [Ca?*);
by determining maximum and minimum fluorescence. All results expressed
as means + S.D. (n=8). #P <0.01, compared with the unstimulated cells;
*P<0.05, **P<0.01, compared with H,O,-stimulated cells; P<0.05,
compared with cells treated with H,O, +TMP

vasculature and the heart. Vascular endothelial cells participate
in numerous regulatory tasks, such as control of vascular per-
meability and blood coagulation, regulation of vascular smooth
muscle tone and blood pressure, and influencing the growth,
inflammatory processes and angiogenesis of the cell (Brutsaert
2003; He 2005). Endothelial dysfunction has been implicated
in the initiation and propagation of vascular disease processes
including atherosclerosis, hypertension, cardiac hypertrophy
and congestive heart failure (Gonzalez and Selwyn 2003).
Oxidative stress induced by ROS, e.g., superoxide, hydrogen
peroxide (H,0,), peroxynitrite, etc., is believed to be a key rea-
son for endothelial cell dysfunction (Lum and Roebuck 2001).
In the present study, we have demonstrated that pretreatment
of the cells with TMPDP effectively protects HUVECs from
H,0,-induced damage in a concentration-dependent manner.

Overproduction of ROS could break down mitochondrial
function through the mitochondrial ATP-sensitive potassium
channels and the mitochondrial permeability transition pore
(mPTP) (Hausenloy and Yellon 2003). The mPTP is an early
event in cell apoptosis, while maintenance of mitochondrial
membrane potential (MMP) is a critical primary determinant of
blood vessel endothelial cell survival (Schonfeld and Wojtczak
2008). In this study, TMPDP showed a moderate antioxida-
tive effect against DPPH, and a greater beneficial effect than
TMP at equal concentrations at 120 wmol/ml. In HUVEC cells,
TMPDP significantly decreased intracellular ROS generation,
suggesting that the protective effect of TMPDP is probably
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associated with scavenging the formation of intracellular ROS.
Antioxidant enzymes, such as SOD and GSH-Px, have been
shown previously to be involved in enhancing the antioxi-
dant defenses in endothelial cells (Muzykantov 2001). SOD
scavenges superoxide radicals by converting them to hydro-
gen peroxide which is then converted to water by catalase and
GSH-Px. The level of MDA reflects the extent of cell dam-
age by oxidative stress. Our results show that TMPDP reduces
the decline in activity of SOD and GSH-Px in HUVECs in
their response to H,O,, suggesting that the inhibitory effect
of TMPDP on the formation of cellular ROS is likely to be
related to the restoration of endogenous antioxidation. More-
over, it has been previously suggested that ROS affect Ca?*
signaling in various cell types, including endothelial cells, car-
diomyocytes, cardiac fibroblasts, pulmonary arterial myocytes
and neural cells (Waypa et al. 2002; Fujii et al. 2005; Kang
et al. 2006; Kazantsev 2007; Florea and Blatter 2008). Exoge-
nous addition of hydrogen peroxide can evoke an increase
in cytosolic Ca?* in CNS pericytes (Kamouchi et al. 2007).
Our results here demonstrate that the inhibition of ROS by
TMPDP greatly modulates intracellular Ca?* concentration in
HUVECs.

The homeostasis of Ca?* in cytoplasm is maintained by
extracellular Ca®* entry and Ca”* release from the intracellular
calcium stores. Oxidant stress may promote the entry of Ca?*
into vascular endothelial cells and inhibit store-operated Ca?*
influx, thus causing a steady increase of intracellular [Ca?];
(Florea and Blatter 2008). An excessive increase in the intra-
cellular concentration of Ca** would result in Ca** overload
and thus cause damage to HUVECs by inducing cytoskeleton
breakdown and DNA fragmentation. Many early studies have
shown that the action of TMP on the cardiovascular system
may be attributed to its involvement in modulating intracellular
Ca* level by inhibiting Ca®* entry and/or Ca®* release (Zhu
et al. 2006). In this study, cells treated with TMPDP for 10,
15, 20 and 30 min, respectively, all showed inhibition of intra-
cellular accumulation of Ca** induced by H,0,. Furthermore,
TMPDP shows a greater effect than TMP on Ca?* antagonism,
improving the viability of injured HUVECs, and on inhibiting
LDH release and scavenging ROS.

In conclusion, the results showed that TMPDP prevented
HUVEC:s from oxidative injury induced by H,O, by improving
the activities of endogenous antioxidases, scavenging ROS and
regulating intracellular calcium concentration. Hence, TMPDP
may have the potential to be developed further as an effective
agent for the treatment of cardiovascular disease.

4. Experimental
4.1. Materials

MTT (3,(4,5-dimethylthiazole-2-yl) 2,5-diphenyl-tetrazolium bromide),
fura-2 acetoxymethylester, 1,1-diphenyl-2-picrylhydrazyl radical (DPPH)
and 6-carboxy-2’, 7'-dichlorofluorescin diacetate (DCFH-DA) were pur-
chased from Sigma (St. Louis, Mo, USA). Endothelial Cell Medium (ECM)
was purchased from ScienCell Research Labs (San Diego, CA, USA).
LDH, SOD, GSH-PX and MDA detection kits were purchased from Nan-
jing Jiancheng Bioengineering Institute. All other chemicals used were of
analytical grade and were from Shanghai Sangon Biological Engineering
Technology & Sciences Co.Ltd. (Shanghai, China).

4.2. Estimation of radical scavenging activity (RSA) by the DPPH
test

1,1-Diphenyl-2-picrylhydrazyl radical (DPPH) was used as stable radical.
The antioxidative potential of TMPDP was studied against DPPH (Spasova
et al. 2008). For each concentration of TMPDP and TMP tested (15, 30,
60 and 120 wmol/L), the reduction of 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
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as % RSA =[Abs516 nm (t=0) -Abs516 nm (t=10 min) x 100/Abs516 nm
(t=0)].

4.3. Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) were purchased from
Sciencell Research Laboratories (Sciencell, USA). The cells were cultured
in plastic flasks coated with polylysine and grown in ECM supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin and 10% heat-inactivated
FBS in a humidified atmosphere of 5% CO; at 37 °C.

Stock solutions of TMPDP or TMP were dissolved in DMSO and diluted
with ECM supplement (0.1% (V/V) DMSO), and were used at the con-
centrations indicated. HUVECs were incubated with TMPDP at final
concentrations of 10, 50, 100 pwmol/L respectively for 30 min before treat-
ment of the cells with 150 wmol/L H,O; for 6 or 12 h. Cells were also treated
with TMP 50 pmol/L as a positive control in the same as with TMPDP.

4.4. MTT assay for cell viability

Cell viability was measured by an MTT assay. Briefly, after 6 or 12h
exposure to HyO,, MTT dye (20 nl) was added to each well at a final con-
centration of 0.5 mg/ml. After 4 h incubation, 200 .l of solubilization/stop
solution, DMSO was added for dissolving the formazan crystals and the
absorbance was read using a Spectra Rainbow (Tecan, Austria) microtiter
plate reader at a wavelength of 570 nm.

4.5. Detection of cellular lactate dehydrogenase (LDH) release

HUVECs in 96-well plates were pretreated with TMPDP or TMP for 30 min,
and then stimulated with HyO, (150 wmol/L) for 6 h or 12 h in the presence
or absence of TMPDP. LDH release into the supernatant of the cells was
measured using a commercial available kit according to the manufacturer’s
protocol. To determine the intracellular LDH activity, cells were washed with
PBS twice, and lysed in 500 wl lysis buffer (150 mM NaCl, 150 mM Tris-
HCl, 1 mM EDTA, 1% Triton X-100), and the supernatants 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) x 100% (Hu et al. 2007).

4.6. Malondialdehyde (MDA) assay and enzyme activity

HUVECs were pretreated with TMPDP or TMP for 30 min, and then stim-
ulated with H,O; (150 wmol/L) for 12 h in 96-well plates in the presence or
absence of TMPDP. Cells were lysed with extraction buffer (20 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM 3-glycerophosphate, 1 mM Na3z VOy,
1 pg/ml leupeptin, and 1 mM PMSF). Cell lysates of each well were col-
lected and used for determination of enzyme activity. The levels of total
lipid peroxidation products, MDA, were assayed by the thiobarbituric acid
method, based on quantifying malondialdehyde-reactive products at 532 nm
(Wang et al. 2007). Superoxide dismutase (SOD) activity was measured
using a commercial kit based on a hydroxylamine assay developed from
a xanthine oxidase assay. Nitrite was produced on oxidation of hydroxy-
lamine by cellular superoxide anion free radical (O2™-). The removal of O,
by SOD is accompanied by a decrease in absorbance at 550 nm, which in
turn quantifies SOD activity. Glutathione peroxidase (GSH-Px) activity was
measured with a commercial kit based on GSH-Px-mediated consumption
of reduced glutathione (GSH). GSH was determined by reaction with dithio-
dinitrobenzoic acid to yield a chromophore with a maximum absorbance at
412 nm.

4.7. Measurement of cellular reactive oxygen species (ROS)

Intracellular formation of ROS was assessed as described previously using
the oxidation sensitive dye DCFH-DA as the substrate (Qian et al. 2008).
Briefly, HUVECs growing in fluorescence microtiter 96-well plates were
loaded with 20 pmol/L. DCFH-DA in Hanks balanced salt solution (HBSS)
and incubated in the dark for 30 min. The cells were then treated with
TMPDP at 10 wmol/L, 50 pmol/L, 100 pmol/L, or 50 pmol/L TMP and
incubated for another 30 min. After three washes of the cells with PBS,
150 pmol/L HyO, was added. The formation of 2’,7’-dichlorofluorescin
(DCF) due to oxidation of DCFH in the presence of various ROS was
analyzed 30 min before and after H,O, introduction with a 1420 Vitor3
Multilabel Counter (Perkin Elmer Life Science, USA) at an excitation wave-
length (Ex) of 485nm and an emission wavelength (Em) of 538 nm. The
percentage variation of ROS in each well was calculated by the formula
[(Ft30-Fto)/Fto x 100]. Fto is the fluorescence intensity before H,O, and
Ft3p is the fluorescence intensity after 30 min of H,O, addition.
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4.8. Measurement of intracellular concentration of Ca** ([Ca®*];)

Intracellular Ca®* levels were measured by the method described by
Kamouchi et al. (2007). Confluent HUVECs were dispersed with 0.25 %
trypsin and 0.02 % EDTA, and washed three times with HBSS containing
0.2 % BSA. Cells were incubated with fura-2 acetoxymethylester (at a final
concentration of 5 wmol/L) at 37 °C for 45 min in HBSS. After washing, the
cells were incubated for 20 min in a physiological salt solution containing
0.5 % BSA and 10 mM glucose. The cells were collected by centrifuga-
tion at 1000 rpm for 10 min and washed twice with D-Hank’s solution with
0.2 % BSA to remove the Fura 2-AM in solution. The Fura 2-AM loaded
cells were treated with TMPDP at 50 wmol/L, 100 wmol/L, or 50 pwmol/L
TMP for 10, 15, 20, 30 min, respectively, before incubation with H,O, for
another 30 min. Fluorescence intensities of fura-2-loaded suspended cells
were measured at 37 °C using continuous rapid alternating excitation from
dual monochromators (340 and 380 nm) with emission at 510 nm with a 1420
Vitor> Multilabel Counter. The ratio of the fluorescence intensities at 340
and 380 nm (F =F340/F380) was calculated. Fluorescence measurements
were converted to calcium concentration by determining the maximal fluo-
rescence (Fpax) with Triton X-100 (final concentration 0.1%), followed by
the minimal fluorescence (Fpin) with 15 mM EGTA, at pH 10.5 for 15 min.
The formula, [Ca%*]; = Kd [(F-Fmin)] / (Fmax-F)], was used for conversion
(assuming that Kd for the Fura-2-Ca”* complex was 224 nm at 37 °C).

4.9. Statistical analysis

The results were expressed as means & S.D. of data from at least three inde-
pendent experiments and were analyzed by one-way analysis of variance
(ANOVA), the Newman-Keuls P <0.05 being considered as statistically
significant.

Acknowledgements: This work was funded by grants from the Natural
Science Foundation of China (30672451) and the Independent Innovation
Foundation of Shandong University (2009TS112).

References

Brutsaert DL (2003) Cardiac endothelial-myocardial signaling: its role in
cardiac growth, contractile performance, and rhythmicity. Physiol Rev
83: 59-115.

Cheng XC, Liu XY, Xu WF, Guo XL, Ou Y (2007) Design, synthesis, and
biological activities of novel ligustrazine derivatives. Bioorg Med Chem
15: 3315-3320.

Florea SM, Blatter LA (2008) The effect of oxidative stress on Ca* release
and capacitative Ca>* entry in vascular endothelial cells. Cell Calcium
43:405-415.

Fujii T, Onohara N, Maruyama Y, Tanabe S, Kobayashi H, Fukutomi M,
Nagamatsu Y, Nishihara N, Inoue R, Sumimoto H, Shibasaki F, Nagao
T, Nishida M, Kurose H (2005) Galphal2/13-mediated production of
reactive oxygen species is critical for angiotensin receptor-induced NFAT
activation in cardiac fibroblasts. J Biol Chem 280: 23041-23047.

Gonzalez MA, Selwyn AP (2003) Endothelial function, inflammation, and
prognosis in cardiovascular disease. Am J Med 115 Suppl 8A: 99S-106S.

Hausenloy DJ, Yellon DM (2003) The mitochondrial permeability transition
pore: its fundamental role in mediating cell death during ischaemia and
reperfusion. J Mol Cell Cardiol 35: 339-341.

He GW (2005) Endothelial function related to vascular tone in cardiac
surgery. Heart Lung Circ 14: 13-18.

Heo JM, Kim HJ, Ha YM, Park MK, Kang YJ, Lee YS, Seo HG, Lee
JH, Yun-Choi HS, Chang KC (2007) YS 51, 1-(beta-naphtylmethy)-6,

Pharmazie 65 (2010)

7-dihydroxy-1, 2, 3, 4-tetrahydroisoquinoline, protects endothelial cells
against hydrogen peroxide-induced injury via carbon monoxide derived
from heme oxygenase-1. Biochem Pharmacol 74: 1361-1370.

Hintz KK, Ren J (2003) Tetramethylpyrazine elicits disparate responses in
cardiac contraction and intracellular Ca?* transients in isolated adult rat
ventricular myocytes. Vasc Pharmacol 40: 213-217.

HuXZ, Xu'Y, HuDC, Hui Y, Yang FX (2007) Apoptosis induction on human
hepatoma cells Hep G2 of decabrominated diphenyl ether (PBDE-209).
Toxicol Lett 171: 19-28.

Kamouchi M, Kitazono T, Ago T, Wakisaka M, Kuroda J, Nakamura K,
Hagiwara N, Ooboshi H, Ibayashi S, Iida M (2007) Hydrogen peroxide-
induced Ca”* responses in CNS pericytes. Neurosci Lett 416: 12-16.

Kang SM, Lim S, Song H, Chang W, Lee S, Bae SM, Chung JH, Lee H,
Kim HG, Yoon DH, Kim TW, Jang Y, Sung JM, Chung NS, Hwang KC
(2006) Allopurinol modulates reactive oxygen species generation and
Ca®* overload in ischemia-reperfused heart and hypoxia-reoxygenated
cardiomyocytes. Eur J Pharmcol 535: 212-219.

Kao TK, Ou Y C, Kuo JS, Chen WY, Liao SL, Wu CW, Chen CJ, Ling NN,
Zhang YH, Peng WH (2006) Neuroprotection by tetramethylpyrazine
against ischemiac brain injury in rats. Neurochem Int 48: 166-176.

Kazantsev AG (2007) Cellular pathways leading to neuronal dysfunction
and degeneration. Drug News Perspect 20: 501-509.

Liu X, Zhang R, Xu W, Li C, Zhao Q, Wang X (2003) Synthesis of the
novel liqustrazine derivatives and their protective effect on injured vas-
cular endothelial cell damaged by hydrogen peroxide. Bioorg Med Chem
Lett 13: 2123-2126.

Lum H, Roebuck KA (2001) Oxidant stress and endothelial cell dysfunction.
Am J Physiol Cell Physiol 280: C719-741.

Muzykantov VR (2001) Targeting of superoxide dismutase and catalase to
vascular endothelium. J Control Release 71: 1-21.

Qian ZJ, Jung WK, Byun HG, Kim SK (2008) Protective effect of an antiox-
idative peptide purified from gastrointestinal digests of oyster, Crassostrea
gigas against free radical induced DNA damage. Bioresource Technol 99:
3365-3371.

Schonfeld P, Wojtczak L (2008) Fatty acids as modulators of the cellular
production of reactive oxygen species. Free Radic Bio Med 45: 231-241.

Spasova M, Philipov S, Nikolaeva-Glomb L, Galabov AS, Milkova Ts
(2008) Cinnamoyl- and hydroxycinnamoyl amides of glaucine and their
antioxidative and antiviral activities. Bioorg Medic Chem 16: 7457-7461.

Wang B, Peng L, Zhu L, Ren P (2007) Protective effect of total flavonoids
from Spirodela polyrrhiza (L.) Schleid on human umbilical vein endothe-
lial cell damage induced by hydrogen peroxide. Colloids Surf B
Biointerfaces 60: 36-40.

Waypa GB, Marks JD, Mack MM, Boriboun C, Mungai PT, Schumacker PT
(2002) Mitochondrial reactive oxygen species trigger calcium increases
during hypoxia in pulmonary arterial myocytes. Circ Res 91: 719-726.

Xu H, Shi DZ, Guan CY (2003) Clinical application and pharmacological
actions of ligustrazine. Zhongguo Zhong Xi Yi Jie He Za Zhi 23: 376-379.

Yamagishi S, Nakamura K, Matsui T (2008) Role of oxidative stress in
the development of vascular injury and its therapeutic intervention by
nifedipine. Curr Med Chem 15: 172-177.

Ye Y, Wang S, Jiang J (1996) Studies on the metabolites of tetram-
ethylpyrazine in human urine. Zhongguo Yi Xue Ke Xue Yuan Xue
Bao18: 288-291.

Zhu JX, Zhang GH, Yang N, Connie Wong HY, Chung YW, Chan
HC (2006) Involvement of intracellular and extracellular Ca%* in
tetramethylpyrazine-induced colonic anion secretion. Cell Biol Int 30:
547-552.

759



