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Abstract

The accumulation of oxygen free radicals and activation of neutrophils are strongly implicated as patho-
physiological mechanisms mediating myocardial ischemia/reperfusion injury. Heme oxygenase-1 (HO-1)
has been reported to play a protective role in oxidative tissue injuries. In this study, the cardioprotective
activity of tetramethylpyrazine (TMP), an active ingredient of Chinese medicinal herb Ligusticum wallichii
Franchat, was evaluated in an open-chest anesthetized rat model of myocardial ischemia/reperfusion
injury. Pretreatment with TMP (5 and 10 mg/kg, i.v.) before left coronary artery occlusion significantly
suppressed the occurrence of ventricular fibrillation. After 45 min of ischemia and 1 h of reperfusion, TMP
(5 and 10 mg/kg) caused a significant reduction in infarct size and induced HO-1 expression in ischemic
myocardium. The HO inhibitor ZnPP (50 lg/rat) markedly reversed the anti-infarct action of TMP.
Superoxide anion production in ischemic myocardium after 10 min reperfusion was inhibited by TMP.
Furthermore, TMP (200 and 500 lM) significantly suppressed fMLP (800 nM)-activated human neutro-
phil migration and respiratory burst. In conclusion, TMP suppresses ischemia-induced ventricular
arrhythmias and reduces the infarct size resulting from ischemia/reperfusion injury in vivo. This cardio-
protective activity of TMP may be associated with its antioxidant activity via induction of HO-1 and with
its capacity for neutrophil inhibition.

Introduction

The oxygen free-radical system has been
implicated in the pathogenesis of myocardial
ischemia/reperfusion (I/R) injury [1, 2]. The oxy-
gen radicals are generated by injured myocytes and
endothelial cells in the ischemic zone, as well as
neutrophils that enter the ischemic zone, and
become activated on reperfusion. These oxygen

radicals exacerbate membrane damage, which
leads to calcium loading. The neutrophils
accumulate in the microcirculation, release inflam-
matory mediators, and contribute to microvascu-
lar obstruction and the no-reflow phenomenon in
the reperfused myocardium [3]. In experimental
settings, many free-radical scavengers or antioxi-
dant, which interrupt peroxidation by a number of
different mechanisms, have been suggested to use
as a protection strategy against reperfusion injury
[4]. Thus, a drug is capable of leukocyte inhibition
and possesses antioxidant capacity may be useful
in suppression of myocardial I/R injury.
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Heme oxygenase-1 (HO-1) has been reported
to play a protective role in oxidative tissue
injuries. The inhibition of HO activity and the
suppression of ho-1 gene expression lead to the
aggravation of oxidative tissue injuries. In con-
trast, induction of HO-1 or exogenous adminis-
tration of HO-1 by gene transfer conferred
significant protection in a rat model of inflam-
mation and in a hemoglobin–heme toxicity
model [5]. Recently, HO-1 has been demon-
strated to protect the heart. Yet et al. [6]
reported that cardiac-specific transgenic mice
overexpressing HO-1 provides potent cytoprotec-
tion against myocardial ischemia/reperfusion
(I/R) injury. They also showed that HO-1 null
mice exhibit increased right ventricular infacts
and increased lipid peroxidation and oxidative
damage in right ventricular cardiomyocytes when
compared with wild-type HO mice [7]. More-
over, cardioselective overexpression of HO-1
prevents I/R-induced cardiac dysfunction and
apoptosis [8]. Induction of HO-1 by hemin
significantly reduces infarct size, oxidative stress
and calcium overload induced by myocardial I/R
[9]. Therefore, HO-1 expression in ischemic
myocardium plays a crucial mediator of antiox-
idant and tissue protective actions.

Tetramethylpyrazine (TMP), an active ingre-
dient of a traditional Chinese herb, Ligusticum
wallichii Franch, has been widely used especially
in the treatment of patients with cerebral and
cardiac ischemic diseases in China [10]. Several
pharmacological actions produced by TMP may
contribute in attenuation of I/R injury. TMP
scavenges superoxide anions in human ploymor-
phonuclear leukocytes [11], attenuates iron-
induced oxidative damage in cerebellar granule
cell [12] and reduces lipid peroxidation in strep-
tozotocin-induced diabetic mice [13]. In addition,
TMP has been reported to block cell adhesion
molecule P-selectin expression[14], as well as to
diminish the up-regulation of ICAM-1 [15],
which leads to attenuate neutrophil infiltration.
Based on these results, in the present study, we
investigated the cardioprotective effect of TMP
in an open-chest anesthetized rat model of
myocardial ischemia/reperfusion injury and its
possible mechanisms.

Methods

Animal preparation

Sprague Dawley (SD) rats were obtained from the
National Laboratory Animal Breeding and Re-
search Center of the National Science Council,
Taiwan. Handling of the animals was in accor-
dance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. Na-
tional Institutes of Health (NIH Publication No.
85–23, revised 1996). Adult SD rats (male; 280–
330 g) were anesthetized with intraperitoneal pen-
tobarbital sodium (50 mg/kg). Tracheotomy was
performed and an intubating cannula was con-
nected to a rodent ventilator. The animals were
ventilated artificially with room air. Respiratory
rate was synchronized with the rat’s spontaneous
rate (50–60 strokes/min, 1 ml/100 g body weight).
Arterial blood pH and blood gases were
maintained within normal physiological limits
(pH: 7.35–7.45; PCO2

: 30–35 mmHg; PO2
: 85–

100 mmHg) by adjusting the respiratory rate and
tidal volume. The left femoral artery and vein were
cannulated for measurements of arterial blood
pressure and heart rate via a Statham pressure
transducer and a Biotechnometer (RS3400, Gould,
USA) and for administration of drugs, respec-
tively. Electrocardiograms were recorded from
standard lead II limb leads. An oscilloscope
electrocardiogram monitor (DSO 420, Gould,
USA) was used to display the electrocardiogram
continuously throughout the experiment. All sig-
nals, including the electrocardiogram and hemo-
dynamic data, were recorded.

After a left-side thoracotomy was performed at
the fifth intercostal space, the pericardium was
incised and the heart was exteriorized. A ligature
(6/0 silk suture) was placed around the left main
coronary artery close to its origin. The thread was
then made into a knot as an occluder and another
thread was tied to the former knot as a releaser.
The ends of both threads were brought outside the
thoracic cavity. Thus, the occlusion could be
tightened or loosened by pulling the thread of
the releaser. The rat was then allowed to stabilize
for 30 min. During this period, the rats that
showed functional instability such as hypotension
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(systolic blood pressure value less than
100 mmHg) or occurrence of cardiac arrhythmias
were discarded. The left coronary artery was
occluded for 45 min followed by 1 h of reperfu-
sion.

The animals were randomly assigned to one of
five treatment groups at the beginning of the
study. (1) control group: rats received the vehicle,
dimethyl sulfoxide (DMSO i.v., 0.02–0.03 ml)
20 min before 45 occlusion (n = 16); (2) TMP-2
group: TMP 2 mg/kg was given as an intravenous
bolus 20 min prior to occlusion (n = 7); (3)
TMP-5 group: TMP 5 mg/kg was administered
as an intravenous bolus 20 min prior to occlusion
(n = 8); (4) TMP-10 group: TMP 10 mg/kg (i.v.
bolus) was administered 20 min prior to occlu-
sion (n = 10); (5) ZnPP/TMP-10 group: with
2 h-pretreatment of a HO inhibitor zinc proto-
porphyrin (ZnPP; 50 lg per rat, i.p.) [16], TMP
10 mg/kg (i.v. bolus) was administered 20 min
prior to occlusion (n = 6). The blood pressure,
heart rate and electrocardiograms were continu-
ously monitored throughout the experimental
period.

Measurements

Hemodynamics
Measurements of heart rate and mean arterial
blood pressure were performed in all groups at
baseline, 5, 10 and 30 min after occlusion and 5, 30
and 60 min after reperfusion. An indirect index of
myocardial oxygen consumption was provided by
calculation of the product of the systolic blood
pressure and heart rate.

Ventricular arrhythmias during ischemic period
Ventricular arrhythmias, which occurred within
30 min of the onset of myocardial ischemia were
assessed by the onset, incidence, total number of
ventricular premature contractions (VPC), and
total duration of ventricular tachycardia (VT)
and ventricular fibrillation (VF). We defined
VPC as discrete and identifiable premature
QRS complexes (premature in relation to the P
wave), VT as a run of six or more consecutive
ventricular premature beats and VF as signals
lacking identifiable individual QRS deflections
and for which a rate could no longer be
determined. The mortality in each group was
also evaluated.

Area at risk and infarct
At the end of the experiments, the coronary artery
was re-occluded and 0.5 ml methylene blue (3%)
was injected intravenously to denote the area at
risk. The heart was then excised and the atria were
removed. The entire ventricular area was sectioned
into four 2–3 mm thick slices from the apex to the
base and incubated in (0.1%) nitroblue tetrazo-
lium chloride (20 min, 37�C). This solution stained
the normal myocardium purple while the infarct
portion remained pale. The areas of risk and
infarct were taken with digital camera. The areas
were then measured by computerized planimetry.

Superoxide anion production in myocardium
Superoxide anion production in cardiomyocytes is
measured by modified lucigenin-enhanced chemi-
luminescence. The chemical specificity of this light-
yielding reaction for superoxide ion was reported
previously [17, 18]. Briefly, myocaridium samples
(control and TMP-10 groups) (2� 2 mm) taken
from the non-ischemic and ischemic regions after
the insult of 45 min and 10 min reperfusion were
placed in 37�C Krebs-HEPES buffer and allowed
to equilibrate for 10 min. Scintillation plates
containing Krebs-HEPES buffer with lucigenin
(250 lM) were placed into a microplate luminom-
eter (LB96V, EG&G Berthold, Germany). After
20 min, background counts were recorded and
then a myocardium sample was added to each
well. Counts were then recorded for 15 min for
each well and the respective background was
subtracted. All samples were dried in a 90-�C
(16 h) oven for expressing results on a milligram
myocardium dry weight basis. Lucigenin chemilu-
minescence is calibrated using known rates of
superoxide production from 0.5 mU/ml xanthine
oxidase plus 100 lM of xanthine, as determined by
cytochrome C reduction. The results are expressed
as relative luminescence unit (RLU)/mg of dry
tissue weight.

Western blot analysis of HO-1 protein expression
To detect HO immunoreactive proteins, the ische-
mic region of myocardium was isolated and
immediately frozen in liquid nitrogen, and stored
at ) 80 �C until processed. Myocardium was
ground using a ultrasonic cell disruptor (MISO-
NIX, MICROSONTM, NY, USA) in eppendorff
containing lysis buffer (50 mM Tris–HCl, 1 mM
EDTA, 1 mM EGTA, and 1% Triton X-100,
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pH 7.4) with protease inhibitor cocktail (Sigma)
and phosphatase inhibitor cocktail 1 (Sigma) and
agitated for 1 h at 4�C. After centrifugation at
10,000� g at 4�C for 30 min, the pellet was
discarded and the protein concentration in the
supernatant determined using a dye-binding assay
(Bio-Rad) with bovine serum albumin as the
standard.

Samples were subjected to electrophoresis in a
10% sodium dodecyl sulfate-polyacrylamide gel
for 2 h at 100 V. The separated proteins were then
transferred electrophoretically to a nitrocellulose
membrane (Millipore) at 0.25 A for 2 h in transfer
buffer (25 mM Tris[hydroxymethyl]aminometh-
ane, 192 mM glycine, 20% methanol, pH 8.3).
The blot was blocked for 1.5 h at room temper-
ature in Tris-buffered saline (TBS), pH 7.4, con-
taining 0.1% Tween-20 and 5% skimmed milk.
The blot was then incubated overnight at 4�C with
rabbit polyclonal antibody directed against HO-1
(1:1000 dilution; BioVision Inc., CA, USA) in TBS
containing 0.1% Tween-20. The membrane was
washed and incubated for 1 h at room temperature
with horseradish-peroxidase-conjugated anti-
mouse IgG antibody (1:1,700 dilution; Cell Sig-
naling, MA, USA). After successive washes with
TBST, the bound antibody was detected using a
SuperSignal� West Femto chemiluminescent sub-
strate (Pierce), and the membrane was exposed to
X-ray film for 10 s. The density of the individual
bands was quantified by densitometric scanning of
the blots using Image-Pro software.

Chemotaxis of neutrophil
Neutrophils were isolated by sedimentation
through dextran and Ficoll/Hypaque gradient
centrifugation from healthy individuals as de-
scribed [19]. The chemotaxis assay was performed
by the 24-well transwell system (Corning, NY,
USA). The chemoattractants of N-formylmethio-
nyl-leucyl-phenylalanine (fMLP; 800 nM) or free
buffer as negative control were placed in the wells
of 24-well tissue culture plates. The transwell
inserts (8 lm pore size) were filled with neutrophils
in modified HBSS and were placed into the
solution of inserts. Both sides were added with
indicated concentrations of TMP. The plate was
incubated for 90 min in the culture incubator. The
number of migrated neutrophils into the bottom of
each wells were quantitated with inverted micro-
scope (TS100, Nikon, Japan) equipped with phase-

contrast objectives. Total migrated neutrophils
were counted in four randomly selected micro-
scope fields (� 10) and were also captured by
digital image system (Image-Pro plus Software 4.5,
MediaCybernectics, USA).

Neutrophil oxidative burst activity
Superoxide production of neutrophils was mea-
sured by the method of lucigenin-enhanced chemi-
luminescence as described by Hsiao et al. [19] with
some modification. Washed neutrophil suspension
(2� 106 cells/ml) in modified Hanks’ balanced salt
solution with addition of 1 mM CaCl2 and
0.5 mM MgCl2 was dispensed to the wells of a
standard scintillation microplate (Berthold, Ger-
many). Before the assay, the cells were preincu-
bated with vehicle (DMSO) or different
concentrations of test compound. Then, 20 ll
aliquots of lucigenin were added at a final con-
centration of 100 lM by the jet-injection system.
The basal LCL was recorded at 37�C for 1 min by
a microplate luminometer (Orion, Berthold, Ger-
many) and the cells were immediately stimulated
with fMLP (800 nM) also added by the automatic
injector. The luminescent light was recorded con-
tinuously for 5 min. The chemiluminescent signal
was represented as relative light units per second
(RLU/s). The results of lucigenin-enhanced chemi-
luminescence intensity (as increment in signal
intensity) were determined by measuring basal
and stimulator-induced peak values and calculat-
ing the difference between them.

Statistical analysis

The measurements of hemodynamics, total num-
ber of ventricular premature contractions, total
duration of VT and VF, level of superoxide anion
production, percentage of neutrophil migration,
HO-1 protein expression, area at risk and infarct
are expressed as group means ± standard error
(SE) of the mean. The Fisher’s exact test was used
to analyze the differences in the incidence of
arrhythmias and mortality between the control
and TMP-treated groups. The other parameters
were compared by one-factor analysis of variance.
If this analysis indicated significant differences
among the group means, the control group was
compared with each of the treatment groups by
means of the Newman–Keuls method. A p value of
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less than 0.05 was considered statistically signifi-
cant.

Results

Hemodynamic measurements

The hemodynamic data including mean blood
pressure, heart rate and rate–pressure product
were observed. No significant changes in these
measurements were found when the control was
compared with each of four treatment groups
throughout the experimental period.

Myocardial ischemia-induced arrhythmias

Occlusion of the left coronary artery invariably
resulted in ventricular arrhythmias, commenced
within 4–6 min of occlusion, manifesting as ven-
tricular premature contractions (VPC), ventricular
tachycardia (VT) and ventricular fibrillation (VF).
Table 1 shows the effects of TMP on the onset and
incidence of arrhythmias following coronary
artery occlusion in the rat. All the rats in the
control group developed arrhythmias during the
30-min post-ligation period. Pretreatment with
TMP 2 mg/kg can not significantly prevent the
occurrence of ventricular arrhythmias resulted
from myocardial ischemia. However, TMP 5 and
10 mg/kg significantly suppressed the incidence of
VF as compared to the control. Besides, TMP
10 mg/kg markedly delayed the onset of VF and
reduced the mortality when compared with 62.5%
in the control. In addition, TMP at 2, 5 and

10 mg/kg reduced the numbers of VPC (Fig-
ure 1A). It caused a pronounced shortening of
the total duration VT and VF at 10 mg/kg
(Figure 1B, C). Pretreatment with the HO inhib-
itor ZnPP did not statistically reverse the anti-
arrhythmic action of TMP 10 mg/kg (Table 1).
Also, even with ZnPP, TMP 10 mg/kg was found
to reduce the numbers of VPC and the duration of
VF (Figure 1A, C).

Infarct size

All control and treated hearts showed clearly
demarcated areas of infarction as a consequence of
45 min of ischemia followed by 1-h reperfusion, as
assessed by the p-nitro-blue-tetrazolium staining
technique. No significant differences in the area at
risk, expressed as percentage of the total left
ventricle, were noted among the groups (Figure 2).
A significant reduction in infarct size, expressed as
percentage of the area at risk was noted in two
TMP-pretreatment groups (5 and 10 mg/kg) when
compared with the control (TMP 5 mg/kg:
44.8 ± 2.7%, TMP 10 mg/kg: 33.4 ± 3.8% vs.
control: 66.4 ± 4.8%) (p<0.05). Two-hour pre-
treatment with ZnPP reversed the cardioprotective
effect caused by TMP 10 mg/kg (ZnPP/TMP-10:
53.9 ± 2.8% vs. control, n = 4; p>0.05).

The effect of TMP on superoxide anion production
in myocardium

Myocardial superoxide anion production was
measured in non-ischemic and ischemic regions of
the control and TMP (10 mg/kg)-pretreated groups

Table 1 The protective effect of tetramethylpyrazine (TMP) on ischemia-induced ventricular arrhythmias in anesthetized open-chest
rats.

Treatment N VPC VT VF Mortality (%)

onset (min) incidence (%) onset (min) incidence (%) onset (min) incidence (%)

Control 16 5.3±0.2 100 6.2±0.4 94 7.3±0.4 94 62.5

TMP-2 7 4.8±0.3 100 5.1±0.3 100 6.2±0.2 71 57

TMP-5 8 5.0±0.5 100 6.3±0.4 88 7.3±0.6 50* 50

TMP-10 10 6.0±0.5 100 7.1±0.9 40* 11.5±0.7* 30* 10*

ZnPP/TMP-10 6 5.5±0.2 100 6.9±0.9 83.3 7.5±0.3 6.7 33.3

N, number of rats; TMP-2, ) 5, ) 10: pretreatment with TMP 2, 5, or 10 mg/kg 20 min prior to ischemia, respectively; ZnPP/TMP: a
selective HO-1 inhibitor ZnPP was given 2 h before TMP 10 mg/kg; VPC: ventricular premature contraction; VT: ventricular
tachycardia; VF: ventricular fibrillation, *p<0.05 compared with the control group.
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after 45-min ischemia/10-min reperfusion. Super-
oxide anion concentrations in the non-ischemic
myocardium were similar in control and treatment
groups (p>0.05, Figure 3). Pretreatment with
TMP 10 mg/kg prevented the increase in superox-
ide anion production in the myocardium after
ischemia and reperfusion (TMP 10 mg/kg:
310 ± 30 vs. control: 687 ± 20 RLU/mg tissue
weight) (p<0.05).

The effect of TMP on HO-1 protein expression
in myocardium

HO-1 protein expression in the ischemic myocar-
dium was studied by immunoblotting analysis.

Samples were collected after 45 min-ischemia and
1 h-reperfusion. Figure 4 shows that treatment
with TMP (10 mg/kg) in non-ischemic myocar-
dium for 2 h can induce marked HO-1 expression
in myocardium. The level of HO-1 protein in the
control group was quite low, whereas pretreatment
with TMP 5 and 10 mg/kg significantly increased
HO-1 protein expression in ischemic myocardium
when compared with the control group (p<0.05).
HO-1 induction can last at least 2 h after reper-
fusion.

The effect of TMP on chemotaxis and respiratory
burst of stimulated human neutrophils

TMP (100, 200 and 500 lM) significantly inhibited
fMLP-induced chemotaxis of human neutrophils
(Figure 5A), which was maximally inhibited at
200 lM and did not show more inhibitory effect at
500 lM. However, no significant differences were
found in the inhibitory effect of three concentra-
tions of TMP.

fMLP stimulation of human neutrophils leads
to the production of reactive oxygen species (ROS)
by the neutrophil oxidase complex. The anti-
neutrophil effect of TMP was evaluated by
fMLP-lucigenin-dependent chemiluminescence. A
rapid generation of superoxide anions was ob-
served with lucigenin-dependent chemilumines-
cence signal up to 3040 ± 207 RLU/s (n = 13),
when neutrophils were treated with fMLP
(800 nM). The increase of fMLP-induced chemi-
luminescnce was significantly inhibited by TMP
200 and 500 lM (82.5±2.5 and 57.0 ± 3.2% of
the control for 200 and 500 lMTMP, respectively;
n = 4).

Discussion

This is the first in vivo study demonstrating the
cardioprotective effects of TMP on ischemic ar-
rhythmias and reperfusion injury in rats. TMP
markedly suppressed ventricular arrhythmias elic-
ited by ischemia, and reduced infarct size and
mortality. These effects may be achieved by its
antioxidant activity via induction of HO-1 and by
its capacity for neutrophil inhibition.

It is well known that oxygen free radicals are
involved in the genesis of reperfusion injury. A
substantial body of evidence has shown that
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interrupting peroxidation by antioxidants through
a number of different mechanisms can prevent the
production of oxygen free radicals [20]. In several
reports show that TMP has a potent antioxidant
activity [11–13]. In present study, we also showed
that TMP suppressed superoxide anion produc-
tion in myocardium exposed to I/R (Figure 3) and
released by neurtrophils (Figure 5B). Thus, the
cardioprotective effect of TMP may be related to
prevent the production of free radicals.

Induction of HO-1 by TMP may contribute to
the antioxidant activity. Without I/R, TMP

treated in non-ischemic myocardium can induce
cardiac HO-1 expression (Figure 4). In contrast,
the HO-1 expression in the control group was not
evident. This may be explained that the increased
amount of free radicals after I/R is not enough to
induce HO-1 in myocardium. TMP-induced HO-1
expression is beneficial to I/R myocardium to
reduce infarct size, which is proved by the reverse
effect of ZnPP, an HO inhibitor (Figure 2).
Increased HO-1 expression leads to degradation
of heme and accumulation of iron, bilirubin, and
carbon monoxide (CO) can reduce sensitivity of
tissues to oxidant damage [21]. Of these metabo-
lites, bilirubin acts as a direct antioxidant [22],
whereas CO production helps to decrease vascular
tone, inhibit platelet aggregation, and prevent
both the production of pro-inflammatory cyto-
kines and endothelial cell apoptosis [23]. Overex-
pression of HO-1 also has been demonstrated to
provide potent cytoprotection against myocardial
I/R injury [6]. Therefore, HO-1 induction caused
by TMP may contribute to reduce free radicals
and lead to its anti-infarct effect. However, ZnPP
did not completely prevent infarction caused by
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I/R (Figure 2) indicating other mechanisms par-
ticipating in the protective effect of TMP (see the
followings).

Accumulating evidence has indicated that
myocardial ischemia elicits an acute inflammatory
response that is greatly augmented by reperfu-
sion. Polymorphonuclear leukocytes are inte-
grated into the acute inflammatory response to
tissue injury. Polymorphonuclear leukocytes
accumulate in ischemic and reperfused myocar-
dium under the influence of chemoattractants,
and participate in the myocardial injury after
ischemia and reperfusion [24]. Activated poly-
morphonuclear leukocytes were shown to aggre-
gate and adhere to endothelium, which resulted in
capillary plugging and subsequent impairment of
coronary blood flow and participation in the
development of endothelial cell edema. Also,

activated polymorphonuclear leukocytes exacer-
bate ischemic myocardial injury by release of
cytotoxic oxygen free-radicals and proteolytic
enzymes. TMP has been reported to block
P-selectin expression [14] and to diminish the
up-regulation of ICAM-1 [15] induced by I/R.
Therefore, in the present study, the inhibitory
effect of TMP on migration and respiratory burst
of activated neutrophils may contribute to protect
myocardium against I/R.

The pronounced cardioprotection by TMP is
not likely to be mediated through its hemody-
namic effects because no significant changes in
mean blood pressure, heart rate or rate-pressure
product occurred during experimental periods
when compared with the control group. TMP
did not alter the rate-pressure product, an index
of myocardial oxygen consumption, indicating
that reduced oxygen consumption cannot account
for the antiarrhythmic effect. However, the ther-
apeutic effect of TMP may be related to the
following evidence: (i) TMP can cause coronary
vasodilation in the dog [25, 26] and pig [27]. (ii)
TMP possesses antiplatelet activity in rat throm-
botic model [28, 29], which can result in improve-
ment of microcirculation by attenuation of
microembolism. Platelet products, e.g. TXA2

and serotonin, may exacerbate microcirculatory
spasm, leading to further thrombosis and sluggish
coronary flow [4]. (iii) TMP inhibits the L-type
Ca2+ currents in rat ventricular myocytes [30]. In
cultured vascular smooth muscle cells, TMP can
open ATP-sensitive potassium channels and/or
small conductance calcium-activated potassium
channels to decrease intracellular Ca2+ concen-
tration [Ca2+]i [31]. Changes in intracellular
Ca2+ homeostasis play an important role in the
development of myocardial I/R injury. Ischemia
and reperfusion are both associated with an
increase in [Ca2+]i, which will contribute to the
ischemia-induced ventricular arrhythmias and
lead to reperfusion injury [4]. (iv) TMP has been
reported to increases PGI2 and diminishes TXA2

release in the hypoxic isolated rat heart [32].
TXA2 is released from the myocardium in ische-
mia which contributes to the severity of the
arrhythmias, whereas PGI2 is also generated
during myocardial ischemia and possesses anti-
arrhythmic actions [33]. However, pretreatment
with ZnPP did not reverse the anti-arrhythmic
action of TMP (Table 1, Figure 1A, C) indicating
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Figure 5. Effects of TMP on fMLP (800 nM)-stimulated che-
motaxis (A) and respiratory burst (B) of human neutrophils.
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that the anti-arrhythmic effect of TMP is not
mediated through the action of HO-1. Further-
more, TMP shows the anti-apoptotic effect on
cerebellar granule cells by suppression of oxida-
tive stress [12]. According to the results by Fliss
and Gattinger, apoptosis can be found in the
myocardium of rats after 45 min ischemia and
2 h of reperfusion [34]. As the induction of HO-1
lasted for 2 h reperfusion, TMP may prevent
apoptosis elicited by I/R via attenuation of
oxidative stress.

In conclusion, TMP has pronounced cardio-
protective activity in a rat model of myocardial I/
R. We postulated that the cardioprotective effects
of TMP could be attributed to its capacity for
neutrophil inhibition and to its antioxidant
property via induction of HO-1.
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