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Carbon monoxide releasing molecule-2 attenuated
ischemia/reperfusion-induced apoptosis in
cardiomyocytes via a mitochondrial pathway
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Abstract. Carbon monoxide (CO) is an endogenous gaseous
transmitter that exerts multi-protection in ischemia/reperfu-
sion (I/R) injury, but few experimental studies regarding
CO on myocardial I/R-induced apoptosis, as well as its
underlying mechanism have been conducted. The present
study was designed to investigate whether CO released from
CO-releasing molecule-2 (CORM-2) is capable of amelio-
rating myocardial I/R-induced apoptosis via a mitochondrial
apoptotic pathway. Primary cultures of neonatal rat cardio-
myocytes were randomly distributed into four groups: Control,
I/R (cultured cardiomyocytes were subjected to 2 h simulated
ischemia followed by 4 h reperfusion), CORM-2 and inactive
CORM-2 (iCORM-2) groups (20 uM CORM-2 and 20 yM
iCORM-2 were administered at the beginning of reperfusion
following ischemia, respectively). Flow cytometric analysis
showed that CORM-2 treatment significantly decreased
apoptosis of cardiomyocytes triggered by simulated I/R.
CORM-2 partially recovered mitochondrial respiration and
ultrastructure alteration, and lowered caspase-3 expression
and the release of cytochrome c. Furthermore, CORM-2 partly
reduced BAK/BAX expression in mitochondria, as well as the
BAX level in the cytoplasm. Cardioprotection is lost when
CORM-2 is replaced by iCORM-2. CORM-2 treatment, at the
time of reperfusion, was concluded to attenuate myocardial
I/R-induced apoptosis. The protection mechanisms may be
targeted to the mitochondria and involved in the inhibition of
the BAK/BAX-mediated intrinsic pathway.

Correspondence to: Professor Zitong Huang, Department of
Emergency, Sun Yat-sen Memorial Hospital, Sun Yat-sen University,
107 Yanjiangxi Road, Guangzhou, Guangdong 510120, P.R. China
E-mail: huangzitong_jzk@163.com

mitochondrion,

Key words: apoptosis, carbon monoxide,

ischemia/reperfusion, cardiomyocytes

Introduction

Myocardial reperfusion injury following transient focal or
systemic ischemia is a complex pathophysiological process
that induces extensive cell death, and a marked portion of
which initiate mitochondrial-mediated apoptosis (1,2). A
previous study has implicated the mitochondrial ultrastructure
and respiratory function involved in myocardial contractility
failure in stimulated ischemia-reperfusion (I/R) (3). However,
the mechanisms of molecular signaling pathways and cytopro-
tective strategies targeting mitochondria during I/R-induced
apoptosis require further investigation.

To ameliorate the severity of cardiac I/R, a number of
anti-apoptotic therapies targeting mitochondria are currently
being investigated, including pharmacological and genetic
inhibition (4). Cardiac myocytes express various members of
the BCL-2 family, including anti-apoptotic and pro-apoptotic
BCL-2 proteins, which control a critical checkpoint in the
mitochondria by preventing or promoting apoptosis (5,6).
The anti-apoptotic factors include BCL-2, BCL-X; and
MCL-1. The pro-apoptotic proteins are further divided into
the multi-domain members BAK and BAX, in addition to a
diverse group of ‘BH3-only’ molecules. BAK and BAX are
required for I/R-induced cell death by the mitochondrial or
intrinsic pathway (7). In viable cells, monomeric BAK is
constitutively localized at the mitochondrial outer membrane
(MOM), whereas inactive BAX are located in the cytosol.
Upon stress, active homo-oligomerized BAK or BAX medi-
ated membrane permeability and the efflux of cytochrome ¢
from mitochondria, which led to the activation of caspases (8).
Mouse embryonic fibroblasts (MEFs) with genetic deple-
tion of BAK or BAX were less sensitive to truncated BID
(tBID)-induced MOM permeabilization and apoptosis, which
is due to the reduced recruitment of pro-apoptotic BCL-2
family proteins to MOM (9).

In the view of the mounting evidence supporting a homeo-
static and cytoprotective role of carbon monoxide (CO) in
biological systems, much interest has focused on harnessing
the actions of this molecule for therapeutic purpose (10).
Stimulation of endogenously generated CO or low dose of
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exogenous CO targeting mitochondria has shown activity,
including oxidative phosphorylation and cell death inhibi-
tion (11). CO treatment enhanced cytochrome ¢ oxidase (COX)
activity and BCL-2 expression as well as their interaction,
which protects astrocytes against oxidative stress-induced
apoptosis by improving mitochondrial oxidative phos-
phorylation (12). In an oxidative stress model by Conde de
la Rosa et al (13), CO protected primary hepatocytes against
superoxide-anion-induced apoptosis. To the best of our knowl-
edge, there is little information regarding the effect of CO
on pro-apoptotic BCL-2 protein expression during myocar-
dial I/R injury. Furthermore, it has been demonstrated that
CO-releasing molecules (CORMs) also deliver CO and these
compounds have since emerged as potential therapeutic agents
for the treatment of various cardiovascular disorders (10,14).
Notably, CORMs treatment is associated with low or minimal
formation of carboxyhemoglobin and is therefore considered
a safer alternative to CO gas inhalation (15). Recent studies
reported that the tricarbonyldichlororuthenium (II) dimer
(CORM-2) may attenuate small bowel and kidney damage
caused by I/R (16,17).

Based on the above information, CORM-2 was hypoth-
esized to ameliorate myocardial apoptosis triggered by I/R
through the mitochondrial pathway. In the current study,
myocardial I/R injury was induced in neonatal rat cardiomyo-
cytes and the effects of CORM-2 on mitochondrial respiratory
function were investigated, as well as the expression of MOM
permeabilization-related pro-apoptotic protein, BAK/BAX in
cellular extracts.

Materials and methods

Ethics statement. The study was approved by the Animals
Ethics Committee of Sun Yat-sen University (Guangzhou,
China) and all animals received humane care in compliance
with the Guide for the Care and Use of Laboratory Animals
published by the National Institute of Health (NIH publication
86-23, revised 1986).

Reagents. Tricarbonyldichlororuthenium (II) dimer
(CORM-2) was purchased from Sigma-Aldrich (St. Louis,
MO, USA); cellular mitochondria isolation kit from Beyotime
Inc. (Jiangsu, China), respiratory control ratio (RCR) quantita-
tive testing kit from Genmed Scientifics Inc. (Wilmington,
DE, USA), anti-BAK and anti-BAX antibodies from Abcam
(Cambridge, UK) and anti-caspase-3 and anti-cytochrome ¢
antibodies from Santa Cruz Biotechnology, Inc. (Heidelberg,
Germany).

Cell cultures and treatment. In brief, single cells were disso-
ciated from minced hearts (1 mm?) of Sprague-Dawley (SD)
rats (age, 1-3 days) with 0.125% trypsin (fresh preparation;
Gibco-BRL, Carlsbad, CA, USA) and 0.05% type I collage-
nase (fresh preparation; MP Biomedicals, Santa Ana, CA,
USA). Cell solution was filtered with 100 ym nylon mesh
and suspended in low-sugar Dulbecco's modified Eagle's
medium (DMEM) containing 10% (v/v) fetal bovine serum
(both Gibco-BRL) and 1% (v/v) penicillin-streptomycin solu-
tion (Mediatech, Inc., Manassas, VA, USA) and pre-plated
for 60 min to reduced contamination of non-myocytes. The
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non-adherent cardiomyocytes were separated and cultured at
a density of 2x10° cells/cm? with the aforementioned medium
supplemented with 0.1 mM 5'-bromo-2'-deoxyuridine (BrdU;
Sigma-Aldrich, St. Louis, MO, USA) in a 37°C/5% CO,
humidified incubator (Mini Galaxy A, RS Biotech Inc., Irvine,
UK). After a three-day cultivation, cardiac myocytes were
randomly divided into four groups: i) Control: Cells were
continuously cultured for 6 h in the cellular-cultured medium;
ii) I/R: Cells were subjected to 2 h simulated ischemia
followed by 4 h of reperfusion; iii)) CORM-2: 20 uM CORM-2
in 0.2% dimethylsulfoxide (DMSO) was administered to the
culture medium at the beginning of reperfusion and iv) inac-
tive CORM-2 (iCORM-2): 20 uM iCORM-2 (CO depleted)
was added as described previously. iCORM-2 was produced
by preparing CORM-2 in DMSO and leaving it in a sealed,
sterile container exposed to light for 48 h and bubbling N, gas
to remove the residual solubilized CO. For controls, 0.2% (v/v)
DMEM was added to the medium of the first two groups at the
beginning of reperfusion and equivalent volumes of medium
in each group was added. Only cultures consisting of >95%
actin-positive cells, determined by counting 300 cells in three
fields, were subjected to analysis.

Simulated I/R. In this study, hypoxia in ischemic buffer solu-
tion (serum- and glucose-free DMEM pre-gassed with 95% N,
and 5% CO, for =5 min) was utilized to mimic the ischemic
process in vivo, while oxygen, as well as serum and glucose
restoration stood for reperfusion. The medium was replaced
with the ischemic buffer solution, the cells were placed in a
hypoxia chamber filled with 5% CO, and 0.3% O, at 37°C for
2 h. Following hypoxia exposure, the cells were reoxygenated
with 5% CO, and 19% O, at 37°C for a further 4 h in normal
cellular-cultured medium.

Cell viability assay. Cell viability was determined based
on methyl thiazolyl tetrazolium (MTT) metabolism (18).
The myocytes were seeded in a 96-well plates at a density
of 1x10° cells/well and incubated with 5 g/l MTT for 4 h at
37°C. The reaction was stopped by the addition of 150 ul
diphenylamine solution and the absorbance of the blue
formazan derivative was read at 570 nm using a spectropho-
tometer. The percentage of cell viability was calculated by the
following formula: % cell viability = (mean absorbance in test
well)/(mean absorbance in control well) x 100.

Lactate dehydrogenase (LDH) activity assay. The extent of
cellular injury was monitored by spectrophotometrically
measuring LDH activity in the culture medium with an LDH
activity assay kit (Sigma-Aldrich).

Preparation of mitochondria. The mitochondrial isolation
procedures were completed within 1 h of cell collection.
Myocardial mitochondria were extracted by deferential
centrifugation in mitochondria extraction buffer at 4°C, as
described previously (3). With a 0.25% solution of crude
trypsin, adherent cells were digested and centrifuged
(500 x g). The cell pellets were mixed with mitochondria
extraction buffer and placed in a glass homogenizer for
homogenizing. Following differential centrifugation (600 x g
for 10 min followed by 11,000 x g for 10 min), final deposits
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were stored within mitochondrial stocks and the supernatants
were cytosol exclusive of mitochondria.

Mitochondrial respiration. Mitochondrial respiratory function
was measured at 25°C using an Oxygen Electrode (Oxygrph™,
Hansatech Instruments, King's Lynn, UK). Real-time changes
of oxygen concentration were recorded via Oxygraph™
software (Hansatech Instruments). According to the manufac-
turer's instructions, calibration, followed by zero-oxygen line
establishment with sodium hydrosulfite (NaO,SSO,Na) and
sensibility test was completed in the chamber prior to measure-
ment. While testing, 2.5 ml respiration medium: 225 mM
mannitol, 70 mM sucrose, | mM EDTA, 10 mM potassium
phosphate, 0.1% bovine serum albumin (pH 7.4) was initially
agitated with a magnetic stirrer (Hansatech Instruments) in the
sealed chamber. The medium was saturated with oxygen to
reach an oxygenic concentration of ~280 nmol/ml and mito-
chondrial suspension (20 pl) was added to the medium. The
rate of state IV respiration is presented as a gently declined
curve and was initiated by adding 20 ul disodium succinate.
The rate of state III respiration was further initiated by the
addition of 20 ul adenosine 5'-diphosphate (ADP). Real-time
oxygen concentration was recorded for the average oxygen
consumption rate. An abrupt drop in oxygen concentration
indicated fast phosphorylation of ADP added to adenosine
5'-triphosphate (ATP). The RCR, an index of integrality of
membranes and the coupling of oxidative phosphorylation in
mitochondria, was calculated as the ratio of the respiratory
rate in state III to that in state I'V.

Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) double marking flow cytom-
etry. According to the manufacturer's instructions, cells
were rinsed three times with ice-cold PBS and stained with
Annexin V-FITC (Calbiochem-Merck Co., Darmstadt,
Germany) for 15 min at room temperature in 200 pl binding
buffer. Subsequent to this, 300 ul binding buffer was added,
the cells were stained with propidium iodide (PI) for 30 min
at 4°C and their fluorescence was analyzed by flow cytometery
(Beckman Coulter, Brea, CA, USA). The percentage of apop-
totic cells was determined using WinMDI version 2.9 (Scripps
Research Institute, San Diego, CA, USA).

Transmission electron microscopy. Ventricular cells were
fixed by paraformaldehyde and glutaraldehyde (2:1 in volume),
dehydrated in acetone series and embedded in epon 812.
Ultrathin sections (50-70 nm) were sliced and stained with
uranyl acetate and lead acetate and examined under a trans-
mission electron microscope (Tecnai G2 Spirit Twin; FEI,
Hillsboro, OR, USA).

Detection of caspase-3 activation. Total proteins (20 pug per
lane) were separated by 10% SDS-PAGE and electrophoreti-
cally transferred onto polyvinylidene fluoride membranes. The
membranes were blocked with Tris-buffered saline containing
5% non-fat milk for 2 h at room temperature and incubated
with rabbit anti-caspase-3 monoclonal antibody (1:500)
overnight at 4°C. The membranes were washed three times in
1X Tris-buffer saline with Tween-20 (TBST) and incubated
with anti-IgG antibody conjugated with alkaline phosphatase,
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Table I. Effects of CORM-2 on cell viability and LDH activity
in cardiomyocytes subjected to I/R injury.

Groups MTT (optical density, %) LDH (U/1'h
Control 92.6+7.3* 18.6+1.3.
I/R 56.3£8.8° 55.4+1.8
CORM-2 70.3+9.5* 30.3+2.5*
iCORM-2 55.8+9.1° 56.2+2.1°

Values represent the mean + standard error of the mean. *‘P<0.01,
vs. I/R the group; "P<0.01, vs. the control group; °P>0.05, vs. the
I/R group. CORM-2, carbon monoxide releasing molecule-2; LDH,
lactate dehydrogenase; I/R, ischemia/reperfusion; MTT, methy] thia-
zolyltetrazolium; iCORM-2, inactive CORM-2.

diluted 1:1,000 in TBST for 1 h at room temperature. [3-actin
expression was used as the control. The intensities of the
protein bands were quantified by using the image analysis
software BandScan 5.0 (Glyko, Hayward, CA, USA).

Detection of cytochrome c release and BAK/BAX expression.
Cytosol and mitochondria fractions were analyzed by western
blot analysis to quantify cytochrome ¢ and BAK/BAX release.
Mitochondria were isolated as described above and lysed with
lysis solution, and supernatants containing cytosol without
mitochondria were also collected. Blots were probed with
primary mouse anti-cytochrome ¢, BAK and BAX monoclonal
antibody, respectively and then with the secondary anti-IgG
antibody. B-actin expression was used as a loading control for
mitochondria, as well as cytosol fractions.

Statistical analysis. SPSS 13.0 software (SPSS Inc., Chicago,
IL, USA) was used for statistical analysis. Values are expressed
as the mean =+ standard error of the mean for normally distrib-
uted data and median (25th, 75th percentile) for non-normally
distributed data. All groups were performed in triplicate
culture wells at least three times. Comparisons among the
groups were performed by Kruskal-Wallis one-way analysis
of variance. P<0.05 was considered to indicate a statistically
significant difference.

Results

CORM_-2 protects rat neonatal cardiac myocytes against I/R
injury. Cells in either the control or CORM-2 groups showed
an increased survival rate as compared with those subjected to
I/R (P<0.01). I/R induced a decrease in cell viability to ~60%
of control as opposed to the cells treated with CORM-2 where
the cell survival was ~76% of the control. There was a signifi-
cant increase of LDH activity in the I/R group compared with
the control group (P<0.01). By contrast, CORM-2 reduced
the level of LDH by ~45% (P<0.01, vs. I/R). However, the
iCORM-2 group showed no changes in MTT assay and LDH
level (P>0.05, vs. I/R) (Table I).

CORM_-2 inhibits cardiomyocyte apoptosis induced by I/R. To
evaluate the role of CORM-2 in apoptosis induced by I/R, apop-
tosis was assayed with a flow cytometer. Annexin V-FITC/PI
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Figure 1. FITC/PI double staining and the apoptotic rate of cardiomyocytes.
(A) Control group: The majority of the cells emerged at the left lower quad-
rant, which showed the cells were viable. (B) I/R group: The quantities of cells
in the right lower quadrant increased compared with that in (A) (“P<0.01),
which demonstrated that simulated I/R triggered apoptosis. (C) CORM-2
group: The quantities of cells in the right lower quadrant reduced sig-
nificantly compared with that in (B) ("P<0.01), suggesting that CORM-2
attenuated I/R-induced apoptosis. (D) iCORM-2 group: Cell distribution was
similar to that of (B) (“P>0.05). (E) The statistical data of apoptotic rate.
2P<0.01, vs. the control group; "P<0.01, vs. the I/R group; “P>0.05, vs. the I/R
group. FITC, Annexin V-fluorescein isothiocyanate; PI, propidium iodide;
I/R, ischemia/reperfusion; CORM-2, carbon monoxide releasing molecule-2;
iCORM-2, inactive CORM-2.

double staining showed that the cardiomyocytes underwent
significant apoptosis when exposed to I/R (P<0.01, vs. control)
and CORM-2 decreased the apoptosis rate markedly (P<0.05,
vs. I/R). However, treatment with iCORM-2 did not alter the
apoptotic ratio (P>0.05, vs. I/R) (Fig. 1).

CORM-2 attenuates ultrastructural deterioration during
I/R. Cell apoptosis was measured by transmission electron
microscopy. In the control group, there was no evident histo-
pathological change. Margination and aggregation of nuclear
chromatin, the swelling of mitochondria, and dissolution and
disappearance of the mitochondrial cristae were observed in
the I/R group. Similar changes were observed when the cells
were combined with iCORM-2 during reperfusion. Notably,
the above alterations were ameliorated in the CORM-2 group
(Fig. 2).

CORM-2 improves mitochondria respiratory function.
State IV and III respiration in the I/R group decreased more
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A

Figure 2. Ultrastructure alteration in cardiomyocytes. (A) Control, (B) I/R,
(C) CORM-2, and (D) iCORM-2 groups (magnification, x9,700). There was
no significant change in nuclear chromatin, mitochondria and myofilaments in
the control group. In the I/R group, cardiomyocytes were observed in different
degrees of cell shrinkage, nuclear chromatin margination and karyopyknosis.
Mitochondrial turgidity and vacuolization were observed simultaneously.
Similar changes were found in the iCORM-2 group. In the CORM-2 group,
local myofilament dissolving, vacuolization of the mitochondria and disin-
tegrated mitochondrial cristae were ameliorated to a degree, and the nuclei
were almost normal. I/R, ischemia/reperfusion; CORM-2, carbon monoxide
releasing molecule-2; iCORM-2, inactive CORM-2.
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Table II. Effects of CORM-2 on mitochondrial respiration in cardiomyocytes subjected to I/R injury.

Parameter Control I/R CORM-2 iCORM-2 P-value
State IV respiration (nmol of O/min/mg 35+2.3° 24+3.1 29+3.1%° 23+2.9¢ <0.05
mitochondrial protein)

State III respiration (nmol of O/min/mg 221.2+11.2¢ 66.7+7.7 122+9.8", 64.4+8.3¢ <0.01
mitochondrial protein)

RCR 6.32+0.7* 2.78+1.1 4.2+1.3% 2.8+0.9¢ <0.01

Values are presented as the mean + standard error of the mean. *P<0.01, or 0.05 vs. I/R group; °P<0.01, vs. the control group; ‘P>0.05, vs.
the I/R group. CORM-2, carbon monoxide releasing molecule-2; I/R, ischemia/reperfusion; iCORM-2, inactive CORM-2; RCR, respiratory
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Figure 3. Representative traces of oxygen consumption of isolated mitochondria by a Clark oxygen electrode. (A) Control, (B) I/R, (C) CORM-2, and
(D) iCORM-2 groups. H-MITO IN, timestamp of adding mitochondria. III, the rate of state III respiration (ADP-stimulated) in real time. IV, the rate of state
IV respiration (ADP-limited) in real time. I/R, ischemia/reperfusion; CORM-2, carbon monoxide releasing molecule-2; iCORM-2, inactive CORM-2; APD,

adenosine 5'-diphosphate.

significantly compared with the control group (P<0.05),
while mitochondrial respiration was partially normalized
by CORM-2 treatment (P<0.05, vs. I/R). In comparison with
the control, the I/R group showed a decreased RCR trend
(P<0.05). CORM-2 treatment further showed a notable
recovery of RCR despite a marked rise in state IV and
IIT respiration (P<0.05, vs. I/R), indicating that the latter
evidently increased compared with the former. Neither the
respiratory rate or RCR in the iCORM-2 group showed a

significant difference when compared with I/R (P>0.05)
(Table II and Fig. 3).

Effect of CORM-2 on the expression of apoptosis-associated
proteins. To further identify the pathway through which
CORM-2 suppresses apoptosis, the expression of caspase-3
and the release of cytochrome c, as well as BAK/BAX translo-
cation were analyzed by western blot analysis. Compared with
the control group, the expression of caspase-3 and the mito-
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Figure 5. Detection of BAK/BAX expression in cardiomyocytes by western blot analysis. (A) Immunoblots showed the presence of BAX and very small
amounts of BAK in the cytosol of control, I/R, CORM-2 and iCORM-2 groups, respectively. (B) Immunoblots of rapidly separated mitochondria showed that
a boost in BAK/BAX expression suffered from I/R could be reversed by CORM-2, but not by iCORM-2. Cumulative data of BAK/BAX relative expression
of the cytosol and mitochondria fractions is shown in the lower panel, respectively. "P<0.05, vs. I/R group; “P<0.05, vs. control. I/R, ischemia/reperfusion;
CORM-2, carbon monoxide releasing molecule-2; iCORM-2, inactive CORM-2.
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chondrial release of cytochrome ¢ were markedly increased
in the I/R group (P<0.05) and CORM-2 treatment reversed
these increases (P<0.05, vs. I/R). The cytosol maintained some
low-level BAK content in all groups (P>0.05), while mito-
chondria contained medium-level BAK in the control group.
The western blot assay further showed a sharp increase of
BAK content evoked by I/R in the mitochondria (P<0.05, vs.
control), where CORM-2 treatment partially restored the level
of BAK (P<0.05, vs. I/R). Immunoblots in the control group
showed the majority of the BAX in the cytosol, whereas isolated
mitochondria showed weakly positive expression. By contrast,
I/R increased the BAX expression level in the mitochondria
and induced a continuous increase in the cytosol (P<0.05, vs.
control). Notably, BAX expression evoked by I/R was partially
inhibited by CORM-2 treatment (P<0.05). iCORM-2 did not
have any effect (P>0.05, vs. I/R) (Figs. 4 and 5).

Discussion

The results of five independent assays, biochemical indexes,
Annexin V-FITC/PI double staining using flow-cytometery,
measurement of mitochondrial respiratory rates, the
ultrastructure changes observed by transmission electron
microscopy, protein detection, including BAK/BAX, as well
as cytochrome ¢ and the late apoptotic protease, caspase-3,
showed that exogenous CO released from CORM-2 allevi-
ated I/R-induced apoptosis of primary cultured myocardial
cells from newborn SD rats. The study further supported the
hypothesis that CORM-2 may attenuate myocardial apoptosis
by inhibiting BAK/BAX-mediated intrinsic pathway. Since
iCORM-2, which is chemically identical to CORM-2 but does
not liberate CO, had no effect, the attenuated injury observed
in the CORM-2-treated group must be ascribed to the effect
of CO. In addition, CORM-2 treatment began at the time of
reperfusion, therefore the experimental instructions employed
in the present study have clinical relevance for the treatment
of patients with acute myocardial infarction and cardiac arrest.

Cardiomyocyte apoptosis is a major pathogenesis during
myocardial I/R injury. In the present study, the I/R-induced cell
viability and LDH activity were evaluated, which are indica-
tors of myocardial membrane injury. Following 2 h ischemia,
followed by 4 h reperfusion, the cell viability was markedly
reduced with LDH levels in the culture medium, 2-fold higher
compared with the control group. These changes were compa-
rable with flow cytometry data, which indicated myocardial
apoptosis. Furthermore, the marked ultrastructural alterations,
as well as dysfunction of mitochondrial respiration triggered by
I/R, indicated that disrupted energy metabolism and dysregula-
tion of cell death may target mitochondria. However, CORM-2
treatment significantly prevented I/R-induced myocardial
injury confirmed by increased viability, reduced apoptosis
rate, as well as an improvement of morphology and respiratory
function, suggesting that CORM-2 may play a positive role in
cardioprotection through the promotion of metabolism and
inhibition of mitochondrion-mediated apoptosis.

To investigate this hypothesis, the expression of pro-apop-
totic molecules BAK and BAX in the mitochondria and
cytoplasm without the mitochondrial part, respectively, was
examined. By contrast with BAX, which is concentrated in
the cytosol in an inactive state and targets to the MOM upon

MOLECULAR MEDICINE REPORTS 9: 754-762, 2014

apoptotic stimuli, monomeric inactive conformer of BAK is
detected to interact specifically with a voltage-dependent anion
channel (VDAC) isoform, VDAC, within MOM by protein
cross-linking (19). Conditional deletion of BAK abrogated the
increased ionomycin-induced apoptosis of VDAC,-deficint
thymocytes (20). A number of apoptotic agents activate several
BAK/BAX-dependent mechanisms that execute the permeabi-
lization of mitochondrial membranes (21), which are required
for cell death by mitochondrial or intrinsic pathways. Upon
apoptosis, the ‘activator’ BH3-only members, including tBID,
BAD, BIM and PUMA, trigger BAK and BAX to convert
from the monomeric form to homo-oligomers, which mediate
the efflux of cytochrome ¢ from mitochondria and leads to the
activation of caspases (22-24). In the present study, western
blot analysis of the cytosolic and mitochondrial fraction sepa-
rated at the end of RCR measurement indicated an increase
in BAX expression in the cytosol and translocation of BAX
from the cytosol to the mitochondria following reperfusion.
By contrast, BAK did not alter in the cytosol, but increased in
the mitochondria. The enhanced expression of BAK/BAX in
mitochondria as well increased cytochrome ¢ in the cytosol
suggested that BAK/BAX may be involved in the rupture of
the MOM and may mediate intrinsic apoptosis in triggering
I/R. Wei et al (21) observed activation and oligomerization
of BAK/BAX following tBID treatment, whereas BAK” and
BAX" MEFs were resistant to apoptotic death by mitochon-
dria-dependent intrinsic signals. At present the mechanisms
by which BAK and BAX cause the MOM to become perme-
able are not well understood. A number of studies suggested
that BAK and BAX regulate mitochondrial morphology
machinery to activate MOM permeabilization (25), form large
pores themselves (26), or change the conformation of existing
pores (27) and may attribute in part to cytochrome c release
and caspase activation.

Another important finding is that the mitochondrial
respiratory response to simulated ischemia and reperfu-
sion is involved in decreased respiratory rates of state III
(ADP-stimulated respiration) and IV (non-ADP-stimulated
respiration), as well as depressing RCR, indicating a
mitochondrial proton leak and uncoupling of oxidative phos-
phorylation. These findings are consistent with a previous
study which demonstrated that I/R caused a decrease in
liver mitochondrial state III respiration rate, as well as RCR
and an increase in state IV respiration rate in the presence
of exogenous cytochrome c, suggesting the disruption of
MOM (28). Previous studies have reported that a reduction
in RCR may be due to no change, or an increase in state [V
respiration, and a decrease in state III respiration (29,30).
The variance of these results may be due to the duration of
ischemia and the degree of reperfusion injury, as well as the
difference between in vitro and in vivo experiments. It has
been also largely accepted that mitochondrial uncoupling
leads to a reduction in mitochondrial ATP synthesis and
NADP(H) content, which were all associated with membrane
damage (31). Furthermore, mitochondrial swelling with
membrane permeabilization observed may be partially
responsible for injured mitochondrial respiratory function
and decreased mitochondrial membrane potential.

Increasing evidence has shown the cardioprotective
action of CORMs with transition metal carbonyls as carriers,
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and corroborated the hypothesis that CO is a homeostatic
and cytoprotective gaseous mediator required as an adjuvant
to ameliorate apoptotic processes, as well as inflamma-
tion and oxidative stress (32). The mechanisms underlying
CO-induced cardioprotection remain to be elucidated,
despite CO holding beneficial bioactive properties on a
number of tissues. Recent investigations have implicated
the mitochondria as a prime target for cytoprotection
and therapy of CO (11). The present results indicated that
CORM-2 may inhibit simulated I/R-induced apoptosis
via a BAK/BAX-mediated intrinsic pathway. CO has been
found to promote the anti-apoptotic protein BCL-2 expres-
sion in lung ischemia models (33). However, it was worth
noting in the study that the anti-apoptosis effect of CO
may be partly attributed to the inhibition of pro-apoptotic
BAK/BAX protein expression. Another direct method for
assessing the effect of CORM-2 on mitochondria is cellular
oxygen consumption. CORM-2, at a low concentration, was
observed to increase respiratory rates of state III and IV, as
well as RCR with an ~20% reduction from normal level. CO
released by CORM-2 is hypothesized to partially reduce
BAK/BAX content in the mitochondria, which contributes
to maintaining MOM integrity and transmembrane poten-
tial, as well as the tightness of coupling between respiration
and phosphorylation. This is in agreement with a previous
study where treatment with CORMs during kidney cold
storage increased mitochondrial respiratory control index at
reperfusion (34). However, the results of associated studies
on mitochondrial respiration in response to CO have been
inconsistent. Astrocytes isolated from the cortex presented
an increase of oxygen consumption at 36 h following one
brief exposure to CO (12). Different experimental conditions,
including early or late response and concentration or period
of exposure may alter the mitochondrial coupling state and
oxidative metabolism. Other investigators have claimed that
CO biological function was associated with mitochondrial
mild uncoupling state, which decreased cell respiration, as
well as excessive and toxic mitochondrial reactive oxygen
species production. Inhibition of uncoupling proteins (UCP)
or blockade of adenine nucleotide transporter (ANT) attenu-
ated the effect, indicating that CO may open UCP and/or
ANT at a mild uncoupling state (35).

It should be noted that the current study may have a
number of limitations. Firstly, CORM-2 did not fully recover
the mitochondrial respiration in the study, thus further
experiments are required to observe whether it maintained
the electron transport chain in a mild uncoupling state or not.
Secondly, it may not directly prove the association between
impaired mitochondrial respiration and BAK/BAX activa-
tion, thus, more convincing evidence is required to support
the hypothesis. Finally, further dose-dependent anti-apoptotic
properties of CORM-2, as well as its side effects should be
evaluated in in vitro or in vivo experiments, although such
a dose of CORM-2 appeared to be effective and safe in this
study.

In conclusion, the present study suggested that exogenous
CO released from CORM-2 may protect cardiomyocytes from
I/R-induced apoptosis. It may be associated with the inhibition
of a BAK/BAX-dependent mitochondrial pathway and the
improvement of energy metabolism.
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