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The purpose of the present study was to determine the mechanism(s) involved in carbon monoxide‑releasing
molecule‑2, carbon monoxide‑releasing molecule‑2‑induced cardioprotection. We used the transition metal
carbonyl compound carbon monoxide‑releasing molecule‑2 that can act as carbon monoxide donor in cardiac
ischaemia‑reperfusion injury model using isolated rat heart preparation. Langendorff ’s perfused rat hearts when
treated with carbon monoxide‑releasing molecule‑2 (50 µM) for 10 min before global ischaemia exhibited significant
reduction in postischaemic levels of myocardial injury markers, creatine kinase and lactate dehydrogenase in
coronary effluent. Similarly, pretreatment with carbon monoxide‑releasing molecule‑2 showed significantly improved
postischaemic recovery of heart rate, coronary flow rate, cardiodynamic parameters and reduced infarct size as
compared to vehicle control hearts. Perfusion with p38 mitogen‑activated protein kinase inhibitor, SB203580, a
specific inhibitor of α and β isoform, before and concomitantly with carbon monoxide‑releasing molecule‑2 treatment
abolished carbon monoxide‑releasing molecule‑2‑induced cardioprotection. However, p38 mitogen‑activated protein
kinase alpha inhibitor, SCIO‑469, was unable to inhibit the cardioprotective effect of carbon monoxide‑releasing
molecule‑2. Furthermore, protective effect of carbon monoxide‑releasing molecule‑2 was significantly inhibited by
the protein kinase C inhibitor, chelerythrine, when added before and concomitantly with carbon monoxide‑releasing
molecule‑2. It was also observed that, perfusion with phosphatidylinositol 3‑kinase inhibitor, wortmannin, before
and concomitantly with carbon monoxide‑releasing molecule‑2 was not able to inhibit carbon monoxide‑releasing
molecule‑2‑induced cardioprotection. Interestingly, we observed that wortmannin perfusion before ischaemia and
continued till reperfusion significantly inhibited carbon monoxide‑releasing molecule‑2‑mediated cardioprotection.
Our findings suggest that the carbon monoxide‑releasing molecule‑2 treatment may activate the p38 mitogen‑activated
protein kinase β and protein kinase C pathways before ischaemia and phosphatidylinositol 3‑kinase pathway during
reperfusion which may be responsible for the carbon monoxide‑releasing molecule‑2‑mediated cardioprotective effect.
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Carbon monoxide (CO), a diatomic gas has been
recognised as a chemical asphyxiate in the blood
and considered to be a toxic gas[1]. CO has recently
emerged as an endogenous mediator of many
physiological and pathological conditions[2]. CO is
generated as an endogenous by‑product during the
catalytic breakdown of heme. Heme oxygenase (HO)
is the rate‑limiting enzyme which is responsible for
heme breakdown, which in turn produces bilirubin,
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iron (Fe++) and CO. There are two main isoforms of
HO, the inducible HO‑1 and the constitutive HO‑2.
Recently, one more isoform has been identified
in rat brains termed as HO‑3 which is similar to
HO‑2, but less efficient heme catalyst[3]. It has been
reported that selective expression of HO‑1 in heart
prevents ischaemia‑reperfusion‑induced (I/R‑induced)
cardiac dysfunction and apoptosis[4,5]. Exogenously
applied CO showed beneficial effects in many
physiological conditions which simulate the role of
HO‑1 [2]. Nitric oxide (NO), a molecule produced
by many cells in the body, has several important
cardiovascular actions which are well known since
decades. NO is primarily produced by vascular
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endothelial cells. This endothelial‑derived NO has
several important functions which include relaxation
of the vascular smooth muscle (vasodilation),
inhibition of platelet aggregation (antithrombotic),
and inhibition of leukocyte‑endothelial interactions
(antiinflammatory). These actions involve
NO‑stimulated formation of cyclic guanosine
monophosphate (cGMP). Nitrodilators are drugs that
mimic the actions of endogenous NO by releasing
NO or forming NO within tissues. Recently, CO
has been recognised as a potential therapeutic agent
for many cardiovascular disorders[6]. Administration
of CO in gaseous form is not considered to be a
good approach as there is no control on the release
pattern and concentration which may produce
toxicity. Recently, CO‑releasing molecules (CORMs)
have been developed which provide feasibility for
the delivery of CO in a controlled and predictable
manner[7]. Tricarbonyldichlororuthenium (II) dimer
known as carbon monoxide‑releasing molecule‑2
(CORM‑2) is considered as CO donor and is
able to release CO in a controlled manner due
to its predictable release kinetics [8] . Motterlini
et al. have developed a water‑soluble molecule
namely, tricarbonyl dichloro (glycinato) ruthenium
(II) also referred to as CO‑releasing molecule‑3
(CORM‑3) [9] . CORM‑3 has been studied for
its cardioprotective potential but mechanism
of cardioprotection by CO donor has not been
completely understood. Accumulating evidence
suggests that p38 mitogen‑activated protein kinase
(p38 MAPK) activation is essentially involved in
the cytoprotective, antiinflammatory, antiapoptotic,
and antiproliferative effects of CO [10,11]. There is
little information regarding the ability of HO‑1 and
CO to modulate the protein kinase C (PKC) and
phosphatidylinositol 3‑kinase (PI3K) pathways.
CO, when used in low concentrations, can exert
anti‑inflammatory, anti‑proliferative, anti‑apoptotic
and anti‑thrombotic activity in various models
of cellular injury [12‑15]. In the previous work, we
demonstrated that CORM‑2 (50 µM) protects the rat
heart against I/R injury. We have also demonstrated
that cardioprotective effect by CORM‑2 may be
attributed to the activation of K ATP channel [16]. In
the present study, we investigated the mechanism(s)
of CORM‑2‑mediated cardioprotection using
Langendorff’s perfused rat heart model and our aim
was to study the role of p38 MAPK, PKC and PI3K
in CORM‑2‑mediated cardioprotection.
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MATERIALS AND METHODS
Tricarbonyldichlororuthenium (II) dimmer
(CORM‑2), ruthenium (III) chloride hydrate (RuCl3),
chelerythrine (PKC inhibitor), wortmannin (PI3K
inhibitor), triphenyltetrazolium chloride (TTC)
were purchased from Sigma Chemical, St. Louis,
Mo., USA. SB‑203580 (p38 MAPK inhibitor)
was purchased from Calbiochem, La Jolla, USA.
SCIO‑469 (Specific p38 MAPK alpha inhibitor) was
a generous gift from the Chemistry Department,
Zydus Research Centre, Ahmedabad, India. Other
reagents were obtained from Sigma chemicals, St
Louis, MO, USA. In all experiments, 0.01‑0.02%
dimethyl sulfoxide (DMSO) in Krebs–Henseleit
(K–H) buffer was used to ensure that effects were
due to CO and not due to DMSO solvent. Also,
to dissociate the effects of CO from the donor
molecule, RuCl3 which has the same basic structure
as CORM‑2 but do not liberate CO was used as
negative control and termed as inactive carbon
monoxide‑releasing molecule (iCORM‑2).
Male wistar rats weighing 250‑300 g were
maintained in AAALAC‑accredited, climatecontrolled facilities and allowed free access to
food and water. All studies were carried out in
accordance with the ‘Guide for the Care and Use
of Laboratory Animals.’ The animals were housed
in quiet rooms with 12:12 h light–dark cycle
(07:00 am‑07:00 pm). The protocol for use of
animals for conducting this study has been reviewed
and approved by the Institutional Animal Ethics
Committee (IAEC).
Isolated perfused rat heart preparation:
Langendorff’s perfused rat heart model was used
for the study as described earlier [16]. Briefly, the
rats were heparinised, anaesthetised and their hearts
were rapidly excised, placed in ice‑cold K-H buffer
containing (m mol/l): NaCl 118, KCl 3.2, MgSO4
1.2, NaHCO 3 25, NaH 2 PO 4 1.2, CaCl 2 1.25 and
glucose 11 at pH 7.4. Isolated heart was cannulated
via aorta and perfused in the Langendorff’s mode at
constant perfusion pressure 70 mmHg using Radnoti
Langendorff constant pressure non‑recirculating
system (Radnoti glass technology Inc., CA, USA).
The perfusate was equilibrated with 95% O2 and 5%
CO2 and maintained at a temperature of 37°C. Global
ischaemia was produced for 30 min followed by
120 min reperfusion.
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Experimental protocol:
Experiment was designed to determine CORM‑2‑
induced cardioprotection and to observe the
role of (a) p38 MAPK, using SCIO‑469 as
p38 MAPK‑alpha inhibitor and SB203580 as

p38 MAPK α and β inhibitor, (b) PKC, using
chelerythrine as PKC inhibitor and (c) PI3K, using
wortmannin as PI3K inhibitor, in CORM‑2‑mediated
cardioprotection. Experimental protocol is illustrated
in fig. 1.

Fig. 1: Experimental design for CORM-2-mediated cardioprotection and role of various kinases.
The isolated, Langendorff-perfused rat hearts were stabilised for 10 min, perfused for 15 min with K–H buffer. Hearts were treated with
Vehicle or iCORM-2 (inactive form of CORM) or CORM-2 (50 µM) (a, b and c). The treatment with various inhibitors like SCIO-469 (1 μM)
or SB-203580 (10 μM) or chelerythrine (10 μM) or wortmannin (100 nM) was initiated 5 min before CORM-2 administration and continued
during CORM-2 treatment followed by 30 min of global ischaemia and 120 min of reperfusion (d, e and f). Some hearts (g, h and i) pretreated
with CORM-2 and 100 nM wortmannin, the treatment with wortmannin was initiated 5 min before CORM-2 administration and continued
during CORM-2 treatment and throughout reperfusion.
July - August 2012
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Determination of myocardial injury markers:
Levels of lactate dehydrogenase (LDH) and creatine
kinase (CK) in coronary effluent were measured
before global ischaemia (BGI) and immediately
(within 1 min) after reperfusion by commercially
available kits (Randox Laboratories Ltd, London, UK)
using Rx Daytona analyser (Randox Laboratories,
Boston, MA, USA).
Determination of heart rate and coronary flow:
For the measurement of ECG two silver electrodes
were attached to the aorta and apex of the heart and
ECG tracings were recorded using an ECG machine
(BPL MK801, Bangalore, India) for monitoring the
heart rate (HR). Coronary flow (CF) was measured
by collection of coronary effluent BGI and 120 min
after reperfusion (120 Rep) in a graduated measuring
cylinder.
Assessment of cardiodynamic parameters:
For the determination of cardiodynamic parameters,
a fluid‑filled latex balloon connected to a pressure
transducer (Biopac‑MP 100; Biopac, Santa Barbara,
CA, USA) was inserted in to the left ventricle of the
isolated rat heart. Balloon was inflated to achieve
left ventricular end‑diastolic pressure (LVEDP)
of approximately 10 mmHg. AcqKnowledge data
acquisition software was used for data collection and
to process the left ventricular developed pressure
(LVDP), dp/dt max (indices of left ventricular
contraction) and dp/dt min (indices of left ventricular
relaxation).

Assessment of infarct size:
The frozen heart samples were cut into 2‑3 mm
sections and incubated for 10 min in 1%
2,3,5‑triphenyltetrazolium chloride (TTC) in phosphate
buffer, pH 7.4 at 37°, followed by a fixation with
10% formal saline for 30 min. Sections were scanned
using an HP scanner (HP ScanJet ADF, Colorado,
USA). The normal myocardium was stained brick
red whereas the infarcted portion remained unstained.
Infarct size was measured by Image/J software
version 1.37v and expressed as percentage of total
area.
Statistical analysis:
Results were expressed as mean±SEM. Data were
analysed by one‑way ANOVA followed by Tukey's
multiple comparison tests. All analysis was done using
GraphPad Prism software version 4.0. P<0.05 was
considered to be statistically significant.

RESULTS
In the present study, we evaluated the role of
p38MAPK in CORM‑2 mediated cardioprotection.
SCIO‑469 was used to inhibit p38MAPK‑alpha
isoform in isolated rat heart. SB203580 was
also used to inhibit p38MAPK (inhibits p38
MAPK α and β). Preischaemic exposure of
SCIO‑469 (1 µM) concomitantly with CORM‑2
produced postischaemic recovery in CK, LDH,
HR, CF, LVEDP, LVDP, dp/dt max and dp/dt min
(Table 1), which was similar to CORM‑2 alone.

TABLE 1: EFFECTS OF PHARMACOLOGICAL INHIBITOR OF P38 MAPK α ON CARDIAC INJURY PARAMETERS IN
ISOLATED RAT HEART
Parameter

CK (IU/L)
LDH (IU/L)
Heart rate (beats/min)
Coronary flow (ml/min)
LVEDP (% recovery)
LVDP (% recovery)
dp/dtmax (% recovery)
dp/dtmin (% recovery)

Time
point

BGI
Imm Rep
BGI
Imm Rep
BGI
120 Rep
BGI
120 Rep
120 Rep
120 Rep
120 Rep
120 Rep

Vehicle
control

Vehicle
control+iCORM‑2

17.8±2.4
118.3±10.6
31.7±4.4
535.3±59.7
215.8±10.5
110.7±5.8
7.1±0.5
2.0±0.2
30.3±3.1
33.6±3.5
26.8±2.7
23.6±2.4

17.5±2.9
110.3±6.9
28.8±3.5
557.5±51.6
210.8±11.7
110.8±7.7
7.1±0.6
2.0±0.1
30.6±3.2
32.9±4.1
26.4±3.2
24.0±2.7

Groups
Vehicle
SCIO‑469
control+CORM‑2 (1 µM)+vehicle
(50 µM)
15.8±2.4
18.5±2.0
21.5±2.5a
82.3±6.0
34.0±8.1
33.3±3.6
139.5±17.5a
426.0±41.2
214.2±9.8
214.2±8.5
169.5±8.9a
118.5±7.5
7.1±0.4
7.0±0.3
4.1±0.3a
2.3±0.1
78.5±7.0a
40.4±2.9
78.0±7.2a
42.5±3.7
54.3±4.3a
33.5±3.4
53.1±4.9a
30.8±2.6

SCIO‑469
(1 µM)+iCORM‑2
17.5±2.5
88.2±6.8
34.3±3.5
422.3±38.9
215.0±8.0
120.8±7.6
7.0±0.2
2.4±0.2
40.8±3.0
43.1±3.5
32.6±3.1
31.1±2.8

SCIO‑469
(1 µM)+CORM‑2
(50 µM)
18.5±2.5
22.5±3.5a
65.6±6.1
125.6±16.2a
210.5±8.5
172.3±10.2a
7.2±0.3
4.2±0.4a
80.1±7.3a
81.2±6.5a
55.3±4.2a
56.1±4.5a

All values are expressed as mean±SEM (n=6). ‘a’ indicates P<0.05 versus vehicle control group and ‘b’ indicates P<0.05 versus CORM‑2 alone group. BGI=values
determined before global ischaemia and 120 Rep-values determined 120 min after reperfusion. BGI‑Before global ischaemia, Imm Rep‑Immediately after
reperfusion, CK=Creatine kinase, LDH=Levels of lactate dehydrogenase, LVEDP=Left vetricular end‑diastolic pressure, LVDP=Left ventricular developed pressure
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TABLE 2: EFFECTS OF PHARMACOLOGICAL INHIBITOR OF P38 MAPK α AND β ON CARDIAC INJURY PARAMETERS
IN ISOLATED RAT HEART
Parameter

CK (IU/L)
LDH (IU/L)
Heart Rate (beats/min)
Coronary flow (ml/min)
LVEDP (% recovery)
LVDP (% recovery)
dp/dtmax (% recovery)
dp/dtmin (% recovery)

Time point

BGI
Imm Rep
BGI
Imm Rep
BGI
120 Rep
BGI
120 Rep
120 Rep
120 Rep
120 Rep
120 Rep

SB‑203580
(10 µM)+vehicle
20.7±2.4
103.8±6.5
33.7±3.5
429.5±41.6
209.2±8.7
118.7±6.5
7.1±0.2
2.2±0.2
32.9±3.8
38.1±4.2
29.2±3.7
26.5±3.0

Groups
SB‑203580
(10 µM)+iCORM‑2
18.3±1.8
99.5±14.2
30.8±3.1
428.2±45.7
207.5±8.0
114.2±5.2
7.1±0.3
2.3±0.2
32.8±3.6
36.4±3.6
29.7±3.1
27.9±3.2

SB‑203580
(10 µM)+CORM‑2 (50 µM)
18.0±1.8
81.5±7.3b
35.8±2.8
312.0±25.8b
210.8±7.2
125.0±5.7b
7.1±0.2
2.4±0.3b
35.0±3.2b
39.5±4.1b
32.0±2.8b
31.8±2.9b

All values are expressed as mean±SEM (n=6). ‘a’ indicates P<0.05 versus vehicle control group and ‘b’ indicates P<0.05 versus CORM‑2 alone group. BGI=values
determined before global ischaemia and 120 Rep values determined 120 min after reperfusion. BGI‑Before global ischaemia, Imm Rep‑Immediately after
reperfusion, CK=Creatine kinase, LDH=Levels of lactate dehydrogenase, LVEDP=Left ventricular end‑diastolic pressure, LVDP=Left ventricular developed pressure

Fig. 2: Representative images of infarct size in different groups after
120 min of ischaemia-reperfusion (I/R) injury in isolated rat heart.
a. vehical control; b. CORM-2 (50 μM); c. SB203580 (10 μM)+CORM-2
(50 μM); d. SCIO-469 (1 μM)+CORM-2 (50 μM); e. chelerythrine (10
μM)+CORM-2 (50 μM); f. wortmannin (100 nM)+CORM-2 (50 μM)
(wortmannin preischemic); g. CORM-2 (50 μM)+wortmannin (100
nM) (wortmannin till reperfusion).

There was also significant reduction in % infarct
size with SCIO‑469 + CORM‑2 group (18.1±3.0,
P<0.05) versus vehicle treated group (52.5±5.9),
which was comparable to CORM‑2 alone (18.5±3.1,
P<0.05) (figs. 2 and 3). Although SCIO‑469 alone
showed trend of postischaemic recovery in all
above parameters, it did not reach the statistical
significance. We have also performed an experiment
to find out the role of p38MAPK by using
SB203580, a p38MAPK inhibitor which inhibits
both α and β isoform. Surprisingly, we found that
preischaemic treatment with SB203580 + CORM‑2
abolished the improvement in CK, LDH, HR, CF,
cardiodynamic parameters (Table 2) and infarct size
(figs. 2 and 3).
July - August 2012

Fig. 3: Effects of SCIO-469 and SB203580 in CORM-2-mediated
changes in myocardial infarct size using isolated rat heart model.
Values are expressed as mean±SEM (n=6). Values determined
120 min after reperfusion using TTC staining method. ‘a’ indicates
P<0.05 versus vehicle control group and ‘b’ indicates P<0.05 versus
CORM-2 alone group. ( ) Vehicle Control, ( ) Vehicle Control+i
CORM-2, ( ) Vehicle Control+i CORM-2 (50 µM), ( ) SCIO-469
(1 µM)+Vehicle, ( ) SCIO-469 (1 µM)+i CORM-2, ( ) SCIO-469
(1 µM)+CORM-2 (50 µM) ( ) SB-203580 (10 µM)+Vehicle, ( ) SB203580 (10 µM)+i CORM-2, ( ) SB-203580 (10 µM)+CORM-2 (50 µM)

It has been found that the activation of PKC is
responsible for cardioprotective activity against I/R
injury. We investigated the role of PKC signalling
pathway in CORM‑2‑induced cardioprotective
effect using chelerythrine as PKC inhibitor. Our
study results indicated that chelerythrine (10 µM)
before and concomitantly with CORM‑2 treatment
significantly prevented decrease in CK (68.8±6.3 IU/l,
P<0.001) and LDH levels (325.5±32.1 IU/l, P<0.05)
as compared to CORM‑2 alone (CK, 21.5 ± 2.2 IU/l;
LDH, 139.5±17.5 IU/l) (Table 3). Similarly, there
was significant prevention of postischaemic recovery
in HR, CF, LVEDP, LVDP, dp/dt max and dp/dt
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min (Table 3). CORM‑2 (50 µM) alone produced
significant reduction in % infarct size (18.5±3.1,
P<0.001) as compared to vehicle control (52.5±5.9).
When chelerythrine was used to inhibit PKC, %
infarct size was found to be 42.5±4.2 (figs. 2 and 4).
In the heart, activation of the PI3K/Akt pathway
has been considered to be cardioprotective
during I/R injury. Thus, we hypothesised that the
cardioprotective effect of CORM‑2 may be attributed
to CORM‑2‑mediated activation of the PI3K pathway
in the heart. We initially examined whether addition
of PI3K inhibitor, wortmannin (100 nM), before

and concomitantly with CORM‑2 would block the
protection afforded by CORM‑2. Langendorff ’s
perfused rat hearts were treated with CORM‑2 either
in the presence or the absence of the PI3K inhibitor,
wortmannin. Treatment of the hearts with wortmannin
alone showed no significant effect on the recovery
of cardiac function, and wortmannin pretreatment
(100 nM) also did not inhibit the cardioprotective
effect of CORM‑2, which was indicated by similar
degree of recovery in CK, LDH, HR, CF, LVEDP,
LVDP, dp/dt max and dp/dt min (Table 4). There
was also a similar pattern of reduction in % infarct
size in wortmannin (100 nM) + CORM‑2 (50 µM)

TABLE 3: EFFECTS OF PHARMACOLOGICAL INHIBITOR OF PKC ON CARDIAC INJURY PARAMETERS IN ISOLATED
RAT HEART
Parameter

Time point

CK (IU/L)
LDH (IU/L)
Heart Rate (beats/min)
Coronary flow (ml/min)
LVEDP (% recovery)
LVDP (% recovery)
dp/dtmax (% recovery)
dp/dtmin (% recovery)

BGI
Imm Rep
BGI
Imm Rep
BGI
120 Rep
BGI
120 Rep
120 Rep
120 Rep
120 Rep
120 Rep

Chelerythrine
(10 µM)+vehicle
20.7±2.6
87.3±6.0
39.0±3.4
419.7±34.1
214.2±7.0
112.0±6.1
7.1±0.2
2.3±0.1
32.1±3.3
35.6±4.1
31.4±4.2
28.2±3.4

Groups
Chelerythrine
(10 µM)+iCORM‑2
16.7±1.9
97.7±7.1
37.0±6.3
420.0±46.2
213.3±8.6
112.0±7.4
7.3±0.1
2.1±0.2
34.1±3.5
35.5±3.9
29.6±3.1
28.6±3.1

Chelerythrine
(10 µM)+CORM‑2 (50 µM)
20.7±3.0
68.8±6.3b
36.0±3.5
325.5±32.1b
213.3±9.8
127.5±7.8b
7.1±0.1
2.4±0.3b
35.1±3.2b
39.3±4.5b
31.3±3.1b
30.7±2.8b

All values are expressed as mean±SEM (n=6). ‘a’ indicates P<0.05 versus vehicle control group and ‘b’ indicates P<0.05 versus CORM‑2 alone group. BGI‑values
determined before global ischaemia and 120 Rep values determined 120 min after reperfusion. BGI=Before global ischaemia, Imm Rep=Immediately after
reperfusion, CK=Creatine kinase, LDH=Levels of lactate dehydrogenase, LVEDP=Left vetricular end‑diastolic pressure, LVDP=Left ventricular developed pressure

TABLE 4: EFFECTS OF PHARMACOLOGICAL INHIBITOR OF PI3K ON CARDIAC INJURY PARAMETERS IN ISOLATED
RAT HEART
Parameter

CK (IU/L)
LDH (IU/L)
Coronary flow
(ml/min)
LVEDP
(% recovery)
LVDP
(% recovery)
dp/dtmax
(% recovery)
dp/dtmin
(% recovery)

Time
point

Groups
Wortmannin
Vehicle+
(100 nM)+CORM‑2
wortmannin
(50 µM)
(100 nM)
(preischaemic)
(postischaemic)
17.7±2.8
16.0±1.9
30.5±2.9a
95.2±7.2
33.3±5.0
36.2±4.2
126.3±11.7a
422.8±45.6
7.1±0.3
7.3±0.3
4.6±0.3a
2.2±0.1
70.9±7.5a
32.3±3.2

BGI
Imm Rep
BGI
Imm Rep
BGI
120 Rep
120 Rep

Wortmannin
(100 nM)+
vehicle
(preischaemic)
16.3±2.2
104.7±6.0
37.0±5.0
495.3±42.3
7.2±0.2
2.1±0.2
30.1±3.3

Wortmannin
(100 nM)+
iCORM‑2
(preischaemic)
20.0±2.4
118.8±5.8
36.2±6.5
470.5±44.7
7.2±0.2
2.2±0.2
30.9±3.7

iCORM‑2+
wortmannin
(100 nM)
(postischaemic)
20.3±2.7
103.3±7.6
37.2±5.5
407.2±47.2
7.2±0.2
2.2±0.2
35.4±3.6

CORM‑2(50
µM)+wortmannin
(100 nM)
(postischaemic)
16.0±2.1
108.8±7.7b
35.8±4.9
343.8±40.9b
7.1±0.2
2.3±0.2b
36.3±3.1b

120 Rep

37.0±3.5

34.0±3.4

72.1±6.7a

34.9±2.9

33.8±2.9

42.0±3.8b

120 Rep

27.1±3.0

25.1±2.7

55.5±5.2a

29.9±3.2

29.0±3.1

32.6±3.0b

120 Rep

24.1±2.7

24.9±2.9

53.6±5.6a

26.3±2.8

28.0±2.7

31.2±2.8b

All values are expressed as mean±SEM (n=6). ‘a’ indicates P<0.05 versus vehicle control group and ‘b’ indicates P<0.05 versus CORM‑2 alone group. BGI‑values
determined before global ischaemia and 120 Rep values determined 120 min after reperfusion. BGI=Before global ischaemia, Imm Rep=Immediately after
reperfusion, CK=Creatine kinase, LDH=Levels of lactate dehydrogenase, LVEDP=Left vetricular end‑diastolic pressure, LVDP=Left ventricular developed pressure
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Fig. 4: Effects of chelerythrine in CORM-2-mediated changes in
myocardial infarct size using isolated rat heart model
Values are expressed as mean±SEM (n=6). Values determined 120
min after reperfusion using TTC staining method. ‘a’ indicates P<0.05
versus vehicle control group and ‘b’ indicates P<0.05 versus CORM-2
alone group. ( ) Vehicle Control, ( ) Vehicle Control+i CORM2, ( ) Vehicle Control+i CORM-2 (50 µM), ( ) Chelerythrine (10
M)+Vehicle, ( ) Chelerythrine (10 M)+i CORM-2, ( ) Chelerythrine
(10 M)+i CORM-2 (50 µM)

and CORM‑2 treated hearts (figs. 2 and 5). However,
addition of 100 nM wortmannin concurrently with
CORM‑2 as well as during reperfusion would inhibit
CORM‑2‑mediated cardioprotection. Wortmannin
alone showed no significant effect on the recovery of
CK, LDH, HR, CF and cardiodynamic parameters.
Addition of wortmannin concurrently with CORM‑2
as well as during reperfusion significantly inhibited
CORM‑2–induced improvement in postischaemic
recovery of CK, LDH, HR, CF, LVEDP, LVDP, dp/dt
max and dp/dt min (Table 4). We also found that
wortmannin treatment before ischaemia and during
reperfusion significantly (18.5±3.1 CORM‑2 alone
versus 47.2±4.9 CORM‑2 + wortmannin, P<0.01)
inhibited CORM‑2‑induced reduction of % infarct size
(figs. 2 and 5).

DISCUSSION
CO is produced endogenously by HO enzyme as a
product in the catabolism of heme to CO, biliverdin
and iron. A connection between NO and cardiovascular
diseases has been demonstrated since decades whereas
CO has been emerged as cardioprotective agent in
recent years. Considerable evidence supports the
protective role for the HO‑1/CO system against
coronary artery I/R injury. Pharmacological induction
of HO‑1 significantly reduces infarct size and the
incidence of reperfusion arrhythmias following
myocardial I/R, whereas cardiac tissue damage is
exacerbated by HO inhibitors[17‑19]. Similarly, cardiac
July - August 2012

Fig. 5: Effects of wortmannin in CORM-2-mediated changes in
myocardial infarct size using isolated rat heart model.
Values are expressed as mean±SEM (n=6). Wortmannin treatment was
initiated 5 min before CORM-2 administration and continued during
CORM-2 treatment and in some hearts throughout reperfusion.
Values determined 120 min after reperfusion using TTC staining
method. ‘a’ indicates P<0.05 versus vehicle control group and ‘b’
indicates P<0.05 versus CORM-2 alone group. ( ) Vehicle Control,
( ) Vehicle Control+i CORM-2, ( ) Vehicle Control+i CORM-2
(50 µM), ( ) Wortmannin (100 nM)+Vehicle, ( ) Wortmannin (100
nM)+i CORM-2, ( ) Wortmannin (100 nM)+i CORM-2 (50 µM), (
) Vehicle+ Wortmannin (100 nM), ( ) i CORM-2+ Wortmannin (100
nM), ( ) CORM-2 (50 µM)+ Wortmannin (100 nM)

specific overexpression of HO‑1 protects against
I/R‑induced cardiac dysfunction and apoptosis in
isolated perfused heart preparations [4,5]. Yet et al.
proposed that in vivo myocardial ischaemia and
reperfusion showed infarct size of 14.7% in transgenic
mice as compared to 56.5% in wild‑type mice[5]. In
addition, isolated hearts from heterozygote HO‑1
knockout mice demonstrated an increased susceptibility
to I/R injury as compared to wild type controls[20].
Recent studies indicated that CO can also confer
cytoprotective actions in the heart. Treatment of
isolated cardiac cells or hearts with a CO donor
preserves cell viability and myocardial performance
against hypoxia‑reoxygenation damage[9]. Similarly,
the administration of a CO donor at the time of
reperfusion reduced infarct size in an in vivo murine
model of coronary occlusion [21]. Mice receiving a
short infusion of CO are protected against MI for
up to 72 h, which is equivalent to the protection
afforded by ischaemic preconditioning[22]. Inhalation
of CO also protects against myocardial I/R injury
in rats, safeguards the heart during reperfusion
after cardiopulmonary bypass in pigs and attenuates
I/R injury following cardiac transplantation [6,23,24].
Tricarbonyldichlororuthenium (II) dimmer known
as CORM‑2, a lipid‑soluble molecule, which
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delivers CO in a controlled manner and simulates
the cytoprotective action of HO‑1 derived CO in
biological systems. Subsequently, tricarbonyldichloro
(glycinato) ruthenium (II) (CORM‑3), a water soluble
form has been developed and it has demonstrated
protection against cardiac I/R injury[25].
It has been emphasised that CO can influence many
signalling pathways, especially p38 MAPK. To date,
four isoforms of the p38 MAPK family have been
identified: p38α, p38β, p38γ and p38δ[26‑29]. It was
found that p38α and p38β are ubiquitously expressed
whereas p38γ and p38δ are differentially expressed
depending on tissue type. Activation of p38α is not
only dependent on stimulus but also on cell type[30].
Despite all four p38 MAPK group members displaying
similar activation profiles, differences have been
observed in the kinetics and level of activation of these
isoforms[30,31]. Many laboratories showed that expression
of HO‑1 or exposure of endothelial cells (ECs) to
exogenous CO enhances p38 MAPK activation by
TNF‑α[32]. Specific inhibition of p38 MAPK activation
by SB203580 or through overexpression of a p38
MAPK‑dominant negative mutant abrogates the
antiapoptotic effect of HO‑1. On the other hand,
evidence exists for the concomitant activation of p38
MAPK and apoptosis induced by a variety of agents,
such as nerve growth factor withdrawal and Fas
ligation[33]. In Jurkat T cells, Fas/CD95‑induced cell
death is augmented by exposure to CO, and this occurs
in part via inhibition in the activity of MAPK[34,35].
Thus, the role of p38 MAPK in apoptosis is cell
type‑ and stimulus‑dependent. Although p38 MAPK
signalling can promote cell death in some cell lines, it
may enhance survival, cell growth, and differentiation
in others[31]. Kim et al. suggested a critical role for the
β‑isoform of p38 MAPK in mediating the effects of
CO on cytoprotection and Hsp70 expression because
these effects were abrogated in ECs by SB 203580,
a selective inhibitor of α and β isoforms, and in
p38β‑null fibroblasts[10]. Further, Zhang et al. reported
that CO inhibits apoptosis via p38 MAPK‑STAT
or Akt/PKB‑STAT pathways during I/R injury [36].
Owing to the complexity of upstream signalling
pathways of p38 MAPK in response to stimuli, it is
possible that the intensity or duration of the kinase
activation could be dependent on the specific signalling
pathways that they utilize. Recently, Kohmoto et al.
demonstrated that perioperative exposure of donors
and recipients to CO at a low concentration can
impart potent antiinflammatory and cytoprotective
288

effects in rat lung I/R injury following extended cold
preservation and transplantation[37]. The protective
effects of CO seen in this study appear to be, at least
in part, mediated through the activation p38 MAPK.
We performed the study to assess the role of p38
MAPK in cardioprotective effect of CORM‑2 using
pharmacological inhibitors of p38 MAPK such as
SCIO‑469 (p38 MAPK alpha inhibitor) and SB203580
(α and β p38 MAPK inhibitor) in rat model of
I/R injury. Pretreatment with SCIO‑469 (1 μM)
followed by CORM‑2 (50 µM) showed similar
patterns of recovery in cardiac parameters
such as CK, LDH, HR, CF rate, LVEDP, LVDP,
dp/dt max, dp/dt min and infarct size as observed
with CORM‑2 alone. Paradoxically, pretreatment with
SB203580 (10 µM) followed by CORM‑2 significantly
prevented postischaemic recovery in myocardial injury
markers CK and LDH. Addition of SB203580 (10 µM)
significantly abolished the improvement in HR, CF,
LVEDP, LVDP, dp/dt max and dp/dt min as compared
to CORM‑2 (50 μM) group. Postischaemic rat hearts
treated with CORM‑2 showed significantly reduced
infarct size as compared to vehicle control. On the
other hand, when SB203580 (10 µM) was used to
inhibit p38 MAPK, infarct size was found to be
significantly increased which indicates the significant
prevention of cardioprotective effect of CORM‑2
once p38 MAPK has been inhibited by SB203580.
These results indicated that cardioprotective effect by
CORM‑2 may not dependent on p38 MAPK alpha
activation. But when we used specific inhibitor of
p38 MAPK α and β, SB203580, cardioprotection was
abolished, indicating that there might be an activation
of p38 MAPK β by CORM‑2 treatment during I/R
injury in isolated rat heart.
Activation of PKC has previously been also shown to
be important in cardioprotection during ischaemia[38,39].
Relatively few studies have implied roles for protein
kinases A/G/C in HO‑1 transcriptional regulation.
In primary rat hepatocytes and vascular smooth
muscle, treatment with dibutylated cAMP and other
agonists of protein kinase A (PKA) activated HO‑1
transcription [40]. In contrast, HO‑1 expression was
induced by the general PKC inhibitor chelerythrine in
human aortic ECs. Inhibitor studies have also implied
a contributory role for PKCs in the activation of HO‑1
by oxidised phospholipids[41]. We performed the study
to find out the role of PKC in cardioprotective effect
of CORM‑2 using the pharmacological inhibitor of
PKC chelerythrine in rat model of cardiac I/R injury.
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Pretreatment with chelerythrine (10 μM) followed by
CORM‑2 (50 µM) showed significant prevention of
postischaemic recovery in myocardial injury markers
CK and LDH. Pretreatment with chelerythrine (10
μM) prevented the improvement in HR, CF, LVEDP,
LVDP, dp/dt max and dp/dt min as compared to
CORM‑2 (50 μM) group. Postischaemic rat hearts
treated with chelerythrine (10 μM) followed by
CORM‑2 (50 µM) showed significant increase in infarct
size as compared to CORM‑2 alone. These results
indicated that PKC catalytic inhibitor chelerythrine
blocks CORM‑2‑mediated cardioprotection.
A limited number of studies have examined the role of
the PI3K cell survival pathway in the context of HO‑1
gene regulation. PI3K, a ubiquitous lipid‑modifying
enzyme consisting of a p85 regulatory subunit and
a p110 catalytic subunit, responds to activation by
diverse stimuli including growth factors, cytokines
and cytotoxic agents. Inhibitors of p38 MAPK and
PI3K blocked the activation of HO‑1 by 15d‑PGJ2
in human lymphocytes[42]. Stimulation of PI3K/Akt
by nerve growth factor and haemin in dopaminergic
neuronal cells enhanced HO‑1 gene expression in
an Nrf2‑dependent fashion and provided protection
against oxidative stress[43]. PI3K/Akt activation has been
associated with the cardioprotective effect of ischaemic
preconditioning, which protects the myocardium from
injury produced by subsequent sustained ischaemia[44].
The PI3K/Akt and STAT pathways are known to
play critical roles in mediating cell proliferation,
differentiation and apoptosis. There is little information
on the role of PI3K/Akt and STAT pathways in
mediating apoptotic signals during I/R injury, and also
little is known about the ability of CO to modulate
these pathways. Previous data by Zhang et al. showed
that CO requires p38 MAPK activation to exert an
antiapoptotic effect during I/R injury in Rat pulmonary
artery endothelial cell (PAEC) and reported associations
amongst MAPKs, PI3K/Akt, and STATs[36]. To best
of our knowledge, there are no reports available
regarding the role of PI3K in CORM‑2‑mediated
cardioprotection in heart. Thus, we hypothesised
that the cardioprotective effect of CORM‑2 may be
associated with activation of the PI3K/Akt pathway
in the heart. We, therefore, initially examined whether
addition of PI3K inhibitor before and concomitantly
with CORM‑2 would block the protection afforded by
CORM‑2. Inhibition of PI3K activity by wortmannin
(100 nM) both concomitantly with CORM‑2 treatment
(before ischaemia) and continued during reperfusion
July - August 2012

blocked CORM‑2‑mediated recovery of cardiac
function, whereas inhibition only before ischaemia did
not significantly block CORM‑2‑mediated recovery
of cardiac functions such as CK, LDH, HR, CF,
cardiodynamics (LVEDP, LVDP, dp/dt max, dp/dt
min) and infarct size indicating that PI3K activity is
required for CORM‑2‑mediated cardioprotection during
reperfusion. Therefore, we tested the importance of
the PI3K pathway in CORM‑2‑mediated recovery
of cardiac function when the hearts were treated
with CORM‑2 at reperfusion. Based on these data,
we conclude that PI3K activity during reperfusion
is critical for CORM‑2‑mediated cardioprotection.
Our finding is similar to the findings of Hausenloy
et al. who showed that the cardioprotective effects
of ischaemic preconditioning can be blocked by
addition of the PI3K inhibitor LY294002 at the start
of reperfusion[45].
In summary, we demonstrated that Langendorff’s
perfused rat hearts treated with CORM‑2 exhibited
significant cardioprotection. In this study, we sought
to further delineate the signal transduction pathways
utilised by CORM‑2 during I/R injury. We utilised
isolated rat heart model to delineate the ability of
CORM‑2 to modulate various pathways during I/R
injury. We demonstrate that activation of β isoform
of p38 MAPK is important for CORM‑2‑mediated
cardioprotection. Furthermore, CORM‑2‑mediated
activation of the PKC signalling pathway is required
for cardioprotective effect of CORM‑2 during I/R
injury. Furthermore, using chemical inhibitor of PI3K,
we showed that CORM‑2 enhances PI3K activation
during reperfusion to prevent I/R injury in heart
(fig. 6).

Fig. 6: Diagrammatic representation of signalling mechanism(s)
involved in CORM-2 mediated cardioprotection
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