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Abstract
Inhibition of translocator protein (18 kDa) (TSPO) can effectively prevent reperfusion-induced arrhythmias and improve

postischemic contractile performance. Mitochondrial permeability transition pore (mPTP) opening, mediated mainly

through oxidative stress during ischemia/reperfusion (I/R), is a key event in reperfusion injury. 40-Chlorodiazepam is a

widely used TSPO antagonist. However, whether 40-chlorodiazepam can improve cardiac functional recovery during

postischemia reperfusion by affecting oxidative enzymes, reducing reactive oxygen species (ROS) and thereby inhibiting

mPTP opening is still unknown. Cardiac function including heart rate, coronary flow rate, left ventricular developed

pressure (LVDP), left ventricular end-diastolic pressure (LVEDP), maximal time derivatives of pressure (+dP/dt max) and

the severity of ventricular arrhythmias were analyzed in isolated rat hearts during I/R. mPTP opening, ROS and oxidative

enzyme activities were measured with fluorometric or spectrophotometric techniques. 40-Chlorodiazepam did not

affect heart rate and coronary flow rate, but abolished the increase in LVEDP, accelerated the recovery of LVDP and +dP/

dt max, and reduced the severity of ventricular arrhythmias. The mPTP opening probability was reduced by

40-chlorodiazepam, accompanied by a reduction in ROS level. In addition, the activities of mitochondrial electron transport

chain complex I and complex III were increased, while those of xanthine oxidase and NADPH oxidase were reduced.

Therefore, 40-chlorodiazepam may improve cardiac functional recovery during reperfusion, potentially by affecting the

activities of oxidative enzymes, reducing ROS and thereby inhibiting mPTP opening. The present study presents evidence

that 40-chlorodiazepam could be a novel adjunct to reperfusion.
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Introduction

Ischemic heart disease is one of the leading causes of cardiac
death in Western societies.1 For recovery, reperfusion using
clinical interventions such as coronary artery bypass graft
surgery is required for the ischemic heart.2 Despite signifi-
cant developments in myocardial protection techniques,
reperfusion damage still occurs, and significant morbidity
remains a large problem.2 Novel and reliable approaches
to drug development that could enhance recovery upon
reperfusion are needed.2,3

Mitochondria are cytoplasmic, double-membrane orga-
nelles whose main role is to synthesize ATP.4,5 Mitochondria

occupy a large portion of the intracellular space of cardiac
myocytes and are located between the myofibrils and just
below the sarcolemma.4 The strategic positioning and abun-
dance of mitochondria ensure a highly efficient localized
ATP delivery system to support contraction, metabolism
and ion homeostasis.4,5 Mitochondrial dysfunction has
been identified as an important event in ischemia/reperfu-
sion (I/R) damage.6 Mitochondrial dysfunction affects cell
viability through a wide array of events, including loss of
ATP synthesis and increased ATP hydrolysis, impairment
of ionic homeostasis, formation of reactive oxygen species
(ROS) and release of proapoptotic proteins, which are key
factors in the generation of irreversible damage.5,6
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The translocator protein (18 kDa) (TSPO), formerly known
as the mitochondrial benzodiazepine receptor, is a 169 amino
acid protein with five transmembrane domains associated
with the mitochondrial outer membrane.7,8 TSPO has a
wide spectrum of putative functions, including the regulation
of cholesterol transport and the synthesis of steroid hormones,
porphyrin transport and heme synthesis, apoptosis, cell pro-
liferation and anion transport.7–9 Most importantly, TSPO
has been proposed to play an important role in mitochondrial
regulation, including regulation of mitochondrial membrane
potential and the mitochondrial respiratory chain.7,8

The mitochondrial permeability transition pore (mPTP) is a
voltage-dependent, high-conductance channel located in the
inner mitochondrial membrane.10 Conditions associated with
I/R such as ROS accumulation, pH normalization and Ca2þ

increase are conducive to mPTP opening. mPTP opening is a
key event in reperfusion injury.11 TSPO is an important regula-
tor of mPTP.12 mPTP opening during I/R has been shown to be
mainly mediated through oxidative stress.11,12 TSPO inhibition
can decrease oxidative stress and has been found to be
effective in preventing reperfusion-induced arrhythmias.13–15

In addition, TSPO inhibition has also been shown to
markedly improve postischemic contractile performance.13,15

40-Chlorodiazepam is a widely used TSPO antagonist.14,16

However, whether 40-chlorodiazepam can improve cardiac
functional recovery during postischemia reperfusion by affect-
ing oxidative enzymes, reducing ROS and inhibiting mPTP
opening remains unknown.

Materials and methods

This investigation conforms to the Guide for Care and Use
of Laboratory Animals published by the US National
Institutes of Health (NIH publication No. 85-23, revised
1996) and the Policy of Animal Care and Use Committee
of Tongji University.

Experimental protocols

The I/R model was established as previously described.17

Male Sprague–Dawley rats (weighing 250–280 g) were
killed by stunning and cervical dislocation. Hearts were
rapidly removed into ice-cold Krebs-Henseleit (K–H) buffer
containing (mmol/L): NaCl 118.0, KCl 4.7, KH2PO4 1.2,
NaHCO3 25, MgSO4 1.2, CaCl2 2.5, glucose 11.0. The hearts
were then mounted in a Langendorff apparatus and perfused
retrogradely at a constant pressure of 75 mmHg with K–H
buffer gassed with 95% O2/5% CO2 equilibrated at pH
7.35–7.45 and maintained at 378C.

After a 15-min equilibration period, rat hearts were sub-
jected to the following protocols: (1) control group, 50 min
normoxic perfusion (n ¼ 15); (2) I/R group, 20 min nor-
moxic perfusion, 15 min ischemia and 15 min reperfusion
(n ¼ 15); and (3) 40-chlorodiazepam groups, 20 min nor-
moxic perfusion, 15 min ischemia and 15 min reperfusion
with 40-chlorodiazepam at concentrations of 16 mmol/L
(n ¼ 15), 32 mmol/L (n ¼ 15), or 64 mmol/L (n ¼ 15)
during the whole perfusion period. 40-Chlorodiazepam

was administered as a pretreatment after the 15 min equili-
bration period.

Ischemia was established by ligating the left main coro-
nary artery within 2 mm of where it emerges adjacent to
the left atrium. The duration of coronary artery ligation
was 15 min. The electrocardiogram was monitored using the
Data Acquisition System (PowerLab System, ADInstruments,
Castle Hill, Australia) and coronary flow was measured by col-
lecting the perfusate over a period of 1 min at regular intervals.
Reperfusion was then established by cutting the ligature across
a polyvinyl sheath that encompassed the coronary artery.

Analysis of hemodynamic function

When the heart was mounted on the Langendorff apparatus
and perfused retrogradely with K–H buffer, a water-filled
latex balloon (ADInstruments) was inserted into the left ven-
tricle through the left atrium and the pressure was continu-
ously monitored by a transducer connected to the balloon.
The initial value of end-diastolic pressure was set to 5–
10 mmHg by adjusting the volume of the balloon. The
balloon volume remained constant during the experiment
so that changes in the left ventricular end-diastolic pressure
(LVEDP) were due to changes in myocardial compliance.

Hemodynamic data were analyzed using a Data
Acquisition System (PowerLab System, ADInstruments).
The parameters measured included heart rate, coronary
flow rate, left ventricular developed pressure
(LVDP), LVEDP and maximal time derivatives of pressure
measured during contraction (þdP/dt max) and relaxation
(2dP/dt max).

Assessment of arrhythmias

Arrhythmias were determined and diagnosed in accordance
with the criteria of the Lambeth Conventions.18 Arrhythmias
were categorized as single ventricular premature beats
(VPBs), ventricular tachycardia (VT, a run of four or more
consecutive VPBs) or ventricular fibrillation (VF, a ventricular
rhythm without recognizable QRS complex in which signal
morphology changed from cycle to cycle and for which it
was impossible to estimate heart rate).

An arrhythmia score was used as previously described.19

Each heart was given one score representing the most severe
type of arrhythmia observed any time during the entire
reperfusion period. The arrhythmia was scored as follows:
0, for no arrhythmia; 1, occasional VPBs; 2, frequent VPBs
when there were three or more VPBs occurring within
1 min; 3, VT (1 or 2 episodes); 4, VT (3–5 episodes); 5, VT
(more than 5 episodes); 6, VF (1–2 episodes); 7, VF (3–5
episodes); and 8, VF (more than 5 episodes).

Isolation of mitochondria and measurement
of mPTP opening

Mitochondria were isolated from perfused rat hearts of
every group at the end of the protocol. The extraventricular
tissue was removed, and the left ventricle was then weighed
and parts of the left ventricle were finely minced in ice-cold
buffer (160 mmol/L KCl, 10 mmol/L EGTA, 0.5% fatty
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acid-free bovine serum albumin, PH 7.4), and brought to a
final concentration of 0.1 g/mL of buffer. This tissue suspen-
sion was homogenized and centrifuged at 1000 g for 10 min
at 48C. The supernatant was then centrifuged at 8000 g for
10 min at 48C to obtain the original mitochondrial pellet,
which was resuspended using a homogenizer in suspension
buffer (320 mmol/L sucrose, 10 mmol/L Tris-HCl, PH 7.4),
and centrifuged again at 8000 g for 10 min at 48C to
obtain the final mitochondrial pellet.16 Two independent
methods were used to evaluate the purity of the mitochon-
drial preparation. First, electron microscopic observations
showed very little contamination from broken mitochondria
or lysosomes. Second, Western blotting indicated that the
mitochondria-marker cytochrome c oxidase was at least
eight times enriched in the mitochondria preparations while
the endoplasmic reticulum-marker calreticulin was markedly
reduced to insignificant levels in the purified mitochondria
(data not shown). The mitochondrial protein content was
determined by using the BCA Protein Assay Kit (Merck,
Darmstadt, Germany). Then, using the isolated mitochondria,
the mPTP opening was measured fluorometrically using a
commercial assay kit (Genmed Scientifics Inc, Arlington,
USA) with excitation at 488 nm and emission at 505 nm.

Measurement of ROS and the activities
of oxidative enzymes

For the qualitative study of ROS, parts of the left ventricle
from every group at the end of the protocol were placed
in 20% sucrose for 12 h and embedded in O.C.T. compound.
Frozen 10-mmol/L sections were made by cryostat (CM
3050, Leica, Germany) and observed under a fluorescent
microscope (BX51, Olympus, Tokyo, Japan) using a com-
mercial assay kit (Genmed Scientifics Inc).

For the quantitative study of ROS, parts of the left ventri-
cle from every group at the end of the protocol were homo-
genized in phosphate-buffered saline (50 mmol/L sodium
phosphate and 150 mmol/L NaCl, pH 7.4) with a PT 10/
35 Polytron (Brinkman, Westbury, NY, USA). The protein
content was determined using the BCA Protein Assay Kit
(Merck). The ROS level was then measured fluorometrically
using a commercial assay kit (Genmed Scientifics Inc) with
excitation at 488 nm and emission at 520 nm.

Some homogenized solutions made in the quantitative
study of ROS were centrifuged at 5000 g (48C) for 10 min,
and the supernatant was used for various assays. Protein
content was determined by using the BCA Protein Assay
Kit (Merck). The enzyme activities of xanthine oxidase,
NADPH oxidase and superoxide dismutase (SOD) were
evaluated spectrophotometrically using commercial assay
kits (Genmed Scientifics Inc).

In addition, the enzyme activities of mitochondrial electron
transport chain complex I and complex III were assessed spec-
trophotometrically using commercial assay kits (Genmed
Scientifics Inc) in isolated mitochondria as described above.

Statistical analysis

Data are expressed as mean+ standard error of the mean
(SEM). Statistical analysis of data was performed by

applying the x2 test or two-way analysis of variance
followed by Student–Newman–Keuls post hoc test. A P
value of less than 0.05 was considered significant.

Results

Effects of 40-chlorodiazepam on cardiac
functional recovery during reperfusion

Addition of 40-chlorodiazepam to the K–H solution before the
occlusion did not change heart rate and coronary flow rate
(basal heart rate values for 40-chlorodiazepam-treated hearts:
280+10 bpm [40-chlorodiazepam 16 mmol/L group], 290+
9 bpm [40-chlorodiazepam 32 mmol/L group] and 280+
8 bpm [40-chlorodiazepam 64 mmol/L group]; basal coronary
flow rate values for 40-chlorodiazepam-treated hearts:
17.68+0.26 mL/min [40-chlorodiazepam 16 mmol/L group],
17.87+0.40 mL/min [40-chlorodiazepam 32 mmol/L group]
and 18.02+0.51 mL/min [40-chlorodiazepam 64 mmol/L
group]). During the period of occlusion, the heart rate and
coronary flow rate decreased similarly in I/R group and
40-chlorodiazepam groups by 14% and 48%, respectively.
Reperfusion resulted in an increase in coronary flow rate
(22.68+0.41 mL/min) to levels above that present prior to
ischemia (17.80+0.35 mL/min). However, treatment with
40-chlorodiazepam did not change coronary flow rate in reper-
fusion (22.34+0.38 mL/min [40-chlorodiazepam 16 mmol/L
group], 23.07+0.46 mL/min [40-chlorodiazepam 32 mmol/L
group] and 23.76+0.43 mL/min [40-chlorodiazepam
64 mmol/L group]).

LVDP failed to recover to the baseline even after 15 min of
reperfusion, but recovered in 10 min with 40-chlorodiazepam
(Figure 1a). LVEDP was increased during reperfusion by
194% (8.09+0.83 [control group] versus 23.80+1.03 [I/R
group], P , 0.05) while 40-chlorodiazepam abolished the
increase (Figure 1b). The recovery of +dP/dt max in reperfu-
sion was also accelerated by 40-chlorodiazepam (Figures 1c
and d).

Figure 2a shows typical arrhythmias. 40-Chlorodiazepam
effectively reduced the severity of reperfusion-induced ven-
tricular arrhythmias in a dose-dependent manner (P , 0.05)
(Figure 2b). The anti-arrhythmic effects could be identified
from the reduced arrhythmia scores and the decreased inci-
dence of VT and VF (Figures 2c and d). In total, 16, 32 and
64 mmol/L 40-chlorodiazepam reduced the arrhythmia
scores by 30.14%, 60.13% and 80.86% (6.10+ 0.47 [control
group] versus 4.57+ 0.40 [40-chlorodiazepam 16 mmol/L
group], 3.47+ 0.36 [40-chlorodiazepam 32 mmol/L group]
and 2.33+ 0.32 [40-chlorodiazepam 64 mmol/L group], P ,

0.05), respectively. The incidence of VT decreased from
80% to 50%, 30% and 10%, respectively (P , 0.05) while
VF decreased from 100% to 60%, 40% and 10% (P , 0.05)
(Figures 2c and d).

Effects of 40-chlorodiazepam on opening
probability of mPTP during reperfusion

The opening probability of mPTP was found to be increased by
62.74-fold in reperfusion as compared with the control group
(56753+2832 [I/R group] versus 582+50 [control group],
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P , 0.05). The three different doses of 40-chlorodiazepam used
in this study significantly reduced the opening probability of
mPTP by 65%, 84% and 93% (56753+2832 [I/R group]
versus 20061+563 [40-chlorodiazepam 16 mmol/L group],
8895+458 [40-chlorodiazepam 32 mmol/L group] and
4210+439 [40-chlorodiazepam 64 mmol/L group], P , 0.05),
respectively (Figure 3).

Effects of 40-chlorodiazepam on ROS
during reperfusion

The ROS level was found to be increased in reperfusion, and
40-chlorodiazepam reduced the increase in the qualitative

assay (Figure 4a). Further study showed that the three differ-
ent doses of 40-chlorodiazepam reduced the ROS level by
44%, 56% and 63% (7271+683 [I/R group] versus 4073+
429 [40-chlorodiazepam 16 mmol/L group], 3163+400
[40-chlorodiazepam 32 mmol/L group] and 2671+378
[40-chlorodiazepam 64 mmol/L group], P , 0.05), respectively
(Figure 4b).

Effects of 40-chlorodiazepam on activities
of oxidative enzymes during reperfusion

The activity of mitochondrial electron transport chain
complex I and complex III was decreased (P , 0.05), while

Figure 1 40-Chlorodiazepam improves cardiac contractile functional recovery during reperfusion. (a) Left ventricular developed pressure (LVDP) changes over

time. Values represent mean+SE (n ¼ 15 per group). �P , 0.05 versus control group; DP , 0.05 versus control group and ischemia/reperfusion (I/R) group.

(b) Left ventricular end-diastolic pressure (LVEDP) changes over time. Values represent mean+SE (n ¼ 15 per group). �P , 0.05 versus control group.

(c) Maximal time derivatives of pressure measured during contraction (þdP/dt max) changes over time. Values represent mean+SE (n ¼ 15 per group). �P , 0.05

versus control group; DP , 0.05 versus control group and I/R group; OP , 0.05 versus control group, I/R group and 40-chlorodiazepam (16 mmol/L) group;

r
P , 0.05 versus control group, I/R group and 40-chlorodiazepam (16 and 32 mmol/L) groups. (d) Maximal time derivatives of pressure measured during

relaxation (2dP/dt max) changes over time. Values represent mean+SE (n ¼ 15 per group). �P , 0.05 versus control group; DP , 0.05 versus control group

and I/R group
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that of xanthine oxidase, NADPH oxidase and SOD was
increased (P , 0.05) in reperfusion. All three different
doses of 40-chlorodiazepam used in this study increased
the activity of mitochondrial electron transport chain
complex I and complex III and reduced that of xanthine
oxidase (P , 0.05). In addition, 64 mmol/L
40-chlorodiazepam reduced the activity of NADPH
oxidase (P , 0.05) (Table 1).

Discussion

The major findings of the present study are as follows: (1)
40-chlorodiazepam, a TSPO antagonist, improves cardiac
functional recovery during reperfusion in rats. The effects
can be identified from the abolition of the increase of
LVEDP, the accelerated recovery of LVDP and +dP/dt max,
and the reduced severity of ventricular arrhythmias; (2)
40-chlorodiazepam reduces the opening probability of mPTP

Figure 2 40-Chlorodiazepam reduces the severity of reperfusion-induced ventricular arrhythmias in rat. (a) Examples of arrhythmias classified according to the

Lambeth Conventions. (b) Arrhythmia scores. Values represent mean+SE (n ¼ 15 per group). �P , 0.05 versus ischemia/reperfusion (I/R) group; DP , 0.05

versus I/R group and 40-chlorodiazepam (16 mmol/L) group;

r

P , 0.05 versus I/R group and 40-chlorodiazepam (16 and 32 mmol/L) groups. (c) Incidence of ven-

tricular tachycardia. �P , 0.05 versus I/R group; DP , 0.05 versus I/R group and 40-chlorodiazepam (16 mmol/L) group;

r

P , 0.05 versus I/R group and

40-chlorodiazepam (16 and 32 mmol/L) groups, n ¼ 15 per group. (d) Incidence of VF. �P , 0.05 versus I/R group; DP , 0.05 versus I/R group and

40-chlorodiazepam (16 mmol/L) group;

r

P , 0.05 versus I/R group and 40-chlorodiazepam (16 and 32 mmol/L) groups, n ¼ 15 per group. VPB, ventricular prema-

ture beat; VT, ventricular tachycardia; VF, ventricular fibrillation
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during reperfusion; (3) 40-chlorodiazepam decreases the gener-
ation of ROS during reperfusion; (4) 40-chlorodiazepam
increases the activity of mitochondrial electron transport
chain complex I and complex III, and reduces that of xanthine
oxidase and NADPH oxidase.

40-Chlorodiazepam is a widely used TSPO antagonist,
and the concentrations we used have been confirmed to
be effective in inhibiting TSPO.14 – 16 A previous study
showed that TSPO inhibition greatly improved postischemic
contractile performance in rabbits.15 In the present study,
40-chlorodiazepam abolished the increase in LVEDP, and
accelerated the recovery of LVDP and +dP/dt max in
rats. The appearance of arrhythmias is a striking feature in
myocardial reperfusion.20 VF has been regarded as a cri-
terion of potential lethal damage induced by reperfusion
injury.20 TSPO inhibition has been found to be effective in
abolishing reperfusion-induced arrhythmias in guinea-pigs
and rabbits.14,15 In this study, it was also found that
40-chlorodiazepam effectively reduced the severity of ventri-
cular arrhythmias in a dose-dependent fashion in rats. In
total, 16, 32 and 64 mmol/L 40-chlorodiazepam reduced
the incidence of VF from a baseline value of 100% to 60%,
40% and 10%, respectively. The anti-arrhythmic effects of
40-chlorodiazepam, specifically the ability to decrease the
incidence of VF and VT, allow the heart to successfully
fulfill its role as a pump.15

mPTP is located at the contact sites between the outer and
the inner mitochondrial membranes and, in its open state,
enables free passage of low molecular weight compounds
(up to molecular weight 1500) between the mitochondrial
inner compartment (matrix) and the cytosol.10 mPTP has
been demonstrated to play a key role in the life and death
of cells.10 – 12,21 mPTP opens under conditions of elevated
mitochondrial calcium, especially when associated with oxi-
dative stress and adenine nucleotide depletion; these are
exactly the conditions that occur during reperfusion follow-
ing a period of ischemia.11,12,21 mPTP opening is a critical
contributing factor in I/R injury.22 – 25 A recent study

reported that 40-chlorodiazepam can reduce myocardial
infarct size when administered either before or after I/R
and that it inhibits mPTP opening.26 Several reports have indi-
cated that every strategy able to inhibit mPTP opening is
potentially cardioprotective in I/R injury.27–29 In the present
study, 40-chlorodiazepam reduced the opening probability
of mPTP during reperfusion, which may be a key to the
improvement of cardiac functional recovery.

mPTP is Ca2þ-, redox-, voltage- and pH-sensitive.
mPTP opening probability is increased by matrix-free
Ca2þ, ROS, membrane potential depolarization and high
pH (.7.0).30 In physiological settings, Ca2þ and ROS are
the most important triggers of mPTP opening.11,12 It has
also been found that ROS rather than Ca2þ appears to be
the more important mPTP trigger in excitable cells such as
cardiomyocytes and neurons.11,12 Additionally, mPTP
opening triggered by calcium does not necessarily require
an increase in matrix Ca2þ, but may be the consequence of
an increase in oxidative stress that sensitizes the mPTP to
the prevailing Ca2þ.11,12 Therefore, it is suggested that the
most critical factor influencing mPTP opening probability
is the degree of oxidative stress.11,12,31 A previous study
has shown that TSPO inhibition could counteract
H2O2-induced impairment of cardiac mitochondrial oxi-
dative phosphorylation as well as cardiomyoblast apopto-
sis, indicating that TSPO inhibition could prevent the
generation of ROS.13 The present study showed that
40-chlorodiazepam decreased the generation of ROS
during reperfusion, which may be the basis for decreased
mPTP opening probability.

Mitochondria are a major source of ROS during reperfu-
sion.32,33 Two components of the respiratory chain, NADH
dehydrogenase in complex I and the ubiquinone–cyto-
chrome b area of complex III, are responsible for ROS gener-
ation. Decreased oxidative capacity of these complexes leads
to increased deleterious production of oxygen radicals.32,33

In addition, xanthine oxidase and NADPH oxidase are
also the primary intracardiac source of ROS during I/R.
SOD is the predominant endogenous antioxidant.34 – 36

Under I/R, antioxidant defenses are overwhelmed by
excess ROS and cellular injury occurs.32,33 Therefore, the
above oxidative enzymes were explored in this study. The
activities of mitochondrial electron transport chain
complex I and complex III were decreased and that of
xanthine oxidase and NADPH oxidase were increased in
reperfusion; these findings are consistent with the available
literature.37 – 40 Moreover, it was also found in this study that
the antioxidative effects of 40-chlorodiazepam were related
to the increased activities of mitochondrial electron trans-
port chain complex I and complex III as well as the
decreased activities of xanthine oxidase and NADPH
oxidase; this may provide a basis for the antioxidative
effects.

In conclusion, our results indicate that 40-chlorodiazepam
may improve cardiac functional recovery via alteration of
oxidative enzyme activities, reduction of ROS level and
thereby inhibition of mPTP opening during reperfusion. In
this respect, it would be very interesting to explore the
potential of 40-chlorodiazepam as an alternative adjunct
for reperfusion therapy.

Figure 3 40-Chlorodiazepam inhibits mitochondrial permeability transition

pore opening in reperfusion. Values represent mean+SE (n ¼ 15 per

group). �P , 0.05 versus control group; DP , 0.05 versus control group and

ischemia/reperfusion (I/R) group;

r

P , 0.05 versus control group, I/R group

and 40-chlorodiazepam (16 mmol/L) group; þP , 0.05 versus control group,

I/R group and 40-chlorodiazepam (16 and 32 mmol/L) groups
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Figure 4 40-Chlorodiazepam reduces the level of reactive oxygen species (ROS). (a) Representative qualitative assessment images of ROS (�400). Bar, 40 mm.

(b) The level of ROS. Values represent mean+SE (n ¼ 15 per group). �P , 0.05 versus control group; DP , 0.05 versus control group and ischemia/reperfusion

(I/R) group;

r

P , 0.05 versus control group, I/R group and 40-chlorodiazepam (16 mmol/L) group

Table 1 Effects of 40-chlorodiazepam (DZP) on activities of oxidative enzymes during reperfusion (n ¼ 15)

Group

Complex I (nmol/L

NADH/min/mg)

Complex III (nmol/L

ubiquinone/min/mg)

Xanthine oxidase (mmol/L

xanthine/min/mg)

NADPH oxidase (mmol/L

NADPH/min/mg) SOD (U/mg)

Control group 121.10+1.52 959.67+13.85 0.14+0.04 0.08+0.01 0.60+0.03

I/R group 60.79+0.99� 614.67+10.16� 0.24+0.03� 0.18+0.02� 1.42+0.10�

DZP (16 mmol/L)

group

80.73+1.12�4 879.72+11.02�4 0.15+0.024 0.16+0.01� 1.36+0.09�

DZP (32 mmol/L)

group

85.76+1.34�4 883.89+12.72�4 0.14+0.014 0.15+0.02� 1.44+0.13�

DZP (64 mmol/L)

group

92.89+1.40�4 953.82+13.714 0.15+0.024 0.08+0.024 1.39+0.08�

Complex I, mitochondrial complex I; Complex III, mitochondrial complex III; I/R, ischemia/reperfusion �P , 0.05 versus control group; 4P , 0.05, versus I/R group
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Limitations

Hearts were perfused with 40-chlorodiazepam during the
whole experiment in the present study. In order to make
this study applicable to clinical practice, future experiments
should define the optimal time frame for perfusion with
40-chlorodiazepam, i.e. duration of 40-chlorodiazepam per-
fusion before ischemia and during reperfusion. In addition,
future studies should determine whether the effect is
reperfusion-specific.

Author contributions: Y-HC designed the experiment and
wrote the manuscript. JX and YL established the ischemia
reperfusion model and conducted the pharmacological
intervention. FL isolated the mitochondria and measured
the mPTP opening. DL and HZ measured ROS and the
activities of oxidative enzymes and analyzed the data.
They have participated sufficiently in the work. JX, DL
and HZ contributed equally to this work.

ACKNOWLEDGEMENTS

This work was supported by the National Science Fund for
Distinguished Young Scholars (30425016), the National
Science Fund of China (30330290, 30528011 and 30470961), the
‘973’ (2007CB512100) and ‘863’ Programmes (2007AA02Z438)
of China, the Programme Fund for Outstanding Medical
Academic Leader of Shanghai, China, the Programme Fund
for Shanghai Subject Chief Scientist, China, the Yangze
Scholars Programme Fund by the Ministry of Education,
China, and the Programme Fund for Innovative Research
Team by the Ministry of Education, China (all of the grants
were to Dr Y-HC).

REFERENCES

1 Ussher JR, Lopaschuk GD. The malonyl CoA axis as a potential target for
treating ischaemic heart disease. Cardiovasc Res 2008;79:259–68

2 Suleiman MS, Halestrap AP, Griffiths EJ. Mitochondria: a target for
myocardial protection. Pharmacol Ther 2001;89:29–46

3 Bolli R, Becker L, Gross G, Mentzer RJ, Balshaw D, Lathrop DA.
Myocardial protection at a crossroads: the need for translation into
clinical therapy. Circ Res 2004;95:125–34

4 Gustafsson AB, Gottlieb RA. Heart mitochondria: gates of life and death.
Cardiovasc Res 2008;77:334–43

5 Szewczyk A, Wojtczak L. Mitochondria as a pharmacological target.
Pharmacol Rev 2002;54:101–27

6 Di Lisa F, Bernardi P. Mitochondria and ischemia–reperfusion injury of
the heart: fixing a hole. Cardiovasc Res 2006;70:191–9

7 Veenman L, Gavish M. The peripheral-type benzodiazepine receptor and
the cardiovascular system: implications for drug development. Pharmacol
Ther 2006;110:503–24

8 Gavish M, Bachman I, Shoukrun R, Katz Y, Veenman L, Weisinger G,
Weizman A. Enigma of the peripheral benzodiazepine receptor.
Pharmacol Rev 1999;51:629–50

9 Papadopoulos V, Baraldi M, Guilarte TR, Knudsen TB, Lacapere JJ,
Lindemann P, Norenberg MD, Nutt D, Weizman A, Zhang MR, Gavish
M. Translocator protein (18 kDa): new nomenclature for the
peripheral-type benzodiazepine receptor based on its structure and
molecular function. Trends Pharmacol Sci 2006;27:402–9

10 Leung AW, Halestrap AP. Recent progress in elucidating the molecular
mechanism of the mitochondrial permeability transition pore. Biochim
Biophys Acta 2008;1777:946–52

11 Javadov S, Karmazyn M, Escobales N. Mitochondrial permeability
transition pore opening as a promising therapeutic target in cardiac
diseases. J Pharmacol Exp Ther 2009;330:670–8

12 Zorov DB, Juhaszova M, Yaniv Y, Nuss HB, Wang S, Sollott SJ.
Regulation and pharmacology of the mitochondrial permeability
transition pore. Cardiovasc Res 2009;83:213–25

13 Leducq N, Bono F, Sulpice T, Vin V, Janiak P, Fur GL, O’Connor SE,
Herbert JM. Role of peripheral benzodiazepine receptors in
mitochondrial, cellular, and cardiac damage induced by oxidative stress
and ischemia–reperfusion. J Pharmacol Exp Ther 2003;306:828–37

14 Akar FG, Aon MA, Tomaselli GF, O’Rourke B. The mitochondrial origin
of postischemic arrhythmias. J Clin Invest 2005;115:3527–35

15 Brown DA, Aon MA, Akar FG, Liu T, Sorarrain N, O’Rourke B. Effects
of 40-chlorodiazepam on cellular excitation–contraction coupling
and ischaemia–reperfusion injury in rabbit heart. Cardiovasc Res
2008;79:141–9

16 Li J, Xiao J, Liu Y, Zhang G, Zhang H, Liang D, Liu Y, Zhang Y, Hu Y,
Yu Z, Yan B, Jiang B, Peng L, Zhou ZN, Chen YH. Mitochondrial
benzodiazepine receptors mediate cardioprotection of estrogen against
ischemic ventricular fibrillation. Pharmacol Res 2009;60:61–7

17 Thandroyen FT, McCarthy J, Burton KP, Opie LH. Ryanodine
and caffeine prevent ventricular arrhythmias during acute
myocardial ischemia and reperfusion in rat heart. Circ Res
1988;62:306–14

18 Walker MJA, Curtis MJ, Hearse DJ, Campbell RWF, Janse MJ,
Yellon DM, Cobbe SM, Coker SJ, Harness JB, Harron DWG,
Higgins AJ, Julian DG, Lab MJ, Manning AS, Northover BJ,
Parratt JR, Riemersma RA, Riva E, Russell DC, Sheridan DJ,
Winslow E, Woodward B. The Lambeth Conventions: guidelines
for the study of arrhythmias in ischaemia, infarction, and reperfusion.
Cardiovasc Res 1988;22:447–55

19 Yang CS, Tsai PJ, Chou ST, Niu YL, Lai JS, Kuo JS. The roles of
reactive oxygen species and endogenous opioid peptides in
ischemia-induced arrhythmia of isolated rat hearts. Free Radic Biol Med
1995;18:593–8

20 Garcia-Rivas Gde J, Carvajal K, Correa F, Zazueta C. Ru360, a
specific mitochondrial calcium uptake inhibitor, improves cardiac
post-ischaemic functional recovery in rats in vivo. Br J Pharmacol
2006;149:829–37

21 Halestrap AP, Pasdois P. The role of the mitochondrial permeability
transition pore in heart disease. Biochim Biophys Acta 2009;1787:1402–15

22 Khaliulin I, Clarke SJ, Lin H, Parker J, Suleiman MS, Halestrap AP.
Temperature preconditioning of isolated rat hearts – a potent
cardioprotective mechanism involving a reduction in oxidative stress
and inhibition of the mitochondrial permeability transition pore. J Physiol
2007;581:1147–61

23 Baines CP. The mitochondrial permeability transition pore and
ischemia–reperfusion injury. Basic Res Cardiol 2009;104:181–8

24 Halestrap AP, Clarke SJ, Javadov SA. Mitochondrial permeability
transition pore opening during myocardial reperfusion – a target for
cardioprotection. Cardiovasc Res 2004;61:372–85

25 Javadov SA, Clarke S, Das M, Griffiths EJ, Lim KH, Halestrap AP.
Ischaemic preconditioning inhibits opening of mitochondrial
permeability transition pores in the reperfused rat heart. J Physiol
2003;549:513–24

26 Obame FN, Zini R, Souktani R, Berdeaux A, Morin D. Peripheral
benzodiazepine receptor-induced myocardial protection is mediated by
inhibition of mitochondrial membrane permeabilization. J Pharmacol Exp
Ther 2007;323:336–45

27 Townsend PA, Davidson SM, Clarke SJ, Khaliulin I, Carroll CJ, Scarabelli
TM, Knight RA, Stephanou A, Latchman DS, Halestrap AP. Urocortin
prevents mitochondrial permeability transition in response to
reperfusion injury indirectly by reducing oxidative stress. Am J Physiol
Heart Circ Physiol 2007;293:H928–38

28 Chanoit G, Lee S, Xi J, Zhu M, McIntosh RA, Mueller RA, Norfleet EA,
Xu Z. Exogenous zinc protects cardiac cells from reperfusion injury by
targeting mitochondrial permeability transition pore through
inactivation of glycogen synthase kinase-3beta. Am J Physiol Heart Circ
Physiol 2008;295:H1227–33

29 Clarke SJ, McStay GP, Halestrap AP. Sanglifehrin A acts as a potent
inhibitor of the mitochondrial permeability transition and reperfusion
injury of the heart by binding to cyclophilin-D at a different site from
cyclosporin A. J Biol Chem 2002;277:34793–9

30 Weiss JN, Korge P, Honda HM, Ping P. Role of the mitochondrial
permeability transition in myocardial disease. Circ Res 2003;93:292–301

................................................................................................................................................
Xiao et al. 40-Chlorodiazepam and cardiac functional recovery 485



31 Kim J-S, Jin Y, Lemasters JJ. Reactive oxygen species, but not Ca2þ

overloading, trigger pH- and mitochondrial permeability
transition-dependent death of adult rat myocytes after ischemia–
reperfusion. Am J Physiol Heart Circ Physiol 2006;290:H2024–34

32 Aldakkak M, Stowe DF, Chen Q, Lesnefsky EJ, Camara AKS. Inhibited
mitochondrial respiration by amobarbital during cardiac ischaemia
improves redox state and reduces matrix Ca2þ overload and ROS release.
Cardiovasc Res 2008;77:406–15

33 Becker LB. New concepts in reactive oxygen species and cardiovascular
reperfusion physiology. Cardiovasc Res 2004;61:461–70

34 Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular
injury: Part I: basic mechanisms and in vivo monitoring of ROS.
Circulation 2003;108:1912–6

35 Winterbourn CC. Reconciling the chemistry and biology of reactive
oxygen species. Nat Chem Biol 2008;4:278–86

36 Giordano FJ. Oxygen, oxidative stress, hypoxia, and heart failure.
J Clin Invest 2005;115:500–8

37 Paradies G, Petrosillo G, Pistolese M, Di Venosa N, Federici A, Ruggiero
FM. Decrease in mitochondrial complex I activity in ischemic/reperfused
rat heart: involvement of reactive oxygen species and cardiolipin. Circ
Res 2004;94:53–9

38 Petrosillo G, Ruggiero FM, Di Venosa N, Paradies G. Decreased complex
III activity in mitochondria isolated from rat heart subjected to ischemia
and reperfusion: role of reactive oxygen species and cardiolipin. FASEB J
2003;17:714–6

39 Li C, Jackson RM. Reactive species mechanisms of cellular hypoxia–
reoxygenation injury. Am J Physiol Cell Physiol 2002;282:C227–41

40 Murdoch CE, Zhang M, Cave AC, Shah AM. NADPH oxidase-
dependent redox signalling in cardiac hypertrophy, remodelling and
failure. Cardiovasc Res 2006;71:208–15

(Received September 27, 2009, Accepted November 24, 2009)

................................................................................................................................................
486 Experimental Biology and Medicine Volume 235 April 2010


