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Abstract 
Morphine induces cardioprotection against ischaemia–reperfusion injury. 
While aiming to investigate the underlying signal transduction cascade of mor-
phine preconditioning in isolated Langendorff-perfused rat hearts, the ex-
pected cardioprotection was not detectable. Thus, we investigated the influ-
ence of different preconditioning protocols and substrate conditions on cardio-
protection in this experimental model. 
Isolated rat hearts underwent 35 min global ischaemia followed by 60 min 
reperfusion. Morphine PC was initiated by 3 cycles of 5 min 1 μM morphine 
with either 5 min washout [3PC5 (5)] or 15 min washout [3PC5 (15)] before is-
chaemia; by 15 min morphine with 15 min washout before ischaemia [PC15 
(15)]; or by 15 min 10 μM morphine with 15 min washout [PC15 (15)-10 μM]. 
Ischaemic preconditioning was initiated by 3 cycles of 3 min ischaemia; in an-
other group, hearts received 1 μM morphine continuously for 10 min before 
ischaemia until the end of reperfusion [continued morphine]. 
To investigate the effects of glutamine, two groups received a glutamine-free 
perfusate: a control group, and a morphine preconditioning group [3PC5 (15)]. 
Ischaemic preconditioning reduced infarct size by 75%, and continued mor-
phine by 46% compared to control group. With the glutamine containing per-
fusate, none of the morphine PC pretreatments had an effect on infarct size. In 
glutamine-free perfusate, 3 cycles of 5 min 1 μM morphine with 15 min wash-
out reduced infarct size from 45%±8% (control) to 20%±5% (3PC5 (15). 
Cardioprotection by morphine-induced preconditioning is model dependent: in 
the isolated rat heart, morphine preconditioning is prevented by a glutamine 
containing perfusate. 
  



 

1. Introduction 
Stimulation of opioid receptors both by endogenous and exogenous opioids 
increases the resistance of the myocardium against ischaemia and reperfusion 
injury (Cohen et al., 2001; Schultz et al., 1995, 1996; Zhang et al., 2004). 
The mechanisms by which opioids protect the myocardium share common 
pathways with ischaemic preconditioning. It is shown that opening of mito-
chondrial ATP-sensitive potassium (mKATP) channels, which are involved in regu-
lation of mitochondrial functions, is a key step to mediate both morphine and 
ischaemic preconditioning induced cardioprotection, possibly due to inhibition 
of mitochondrial permeability transition pore (mPTP) opening (Cohen et al., 
2001; Murphy and Steenbergen, 2007). In 2002, Hausenloy et al. (2002) 
demonstrated that prevention of mPTP opening is involved in ischaemic pre-
conditioning. 
In this context, we initially aimed to investigate, whether morphine also induc-
es preconditioning by prevention of mPTP opening in the isolated rat heart. 
However, the expected protective effect of morphine was surprisingly not de-
tectable in our experimental model of the isolated Langendorff-perfused rat 
heart. Based on these unexpected results, we hypothesized in the present 
study that morphine-induced cardioprotection might be strongly dependent on 
the experimental conditions and the protocol by which morphine is adminis-
tered. Most studies investigating the protective potency of morphine in intact 
hearts are conducted using non-classical preconditioning protocols (i.e. without 
washout of morphine before ischaemia), or in in vivo models where, depend-
ent on the half-time of morphine, it can be assumed that morphine is still pre-
sent during ischaemia. In addition, differences in experimental conditions re-
lated to the substrates present in the perfusate may also affect cardioprotec-
tive interventions. Recent work suggests e.g. that glutamine may have cardio-
protective potential (Liu et al., 2007). 
Thus, we investigated whether the cardioprotective effect of morphine-
induced preconditioning in the isolated rat heart depends on the precondition-
ing protocol and experimental substrate conditions. 

2. Materials and methods 
All experiments were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996), and approved by the Animal Ethical 
Committee of the University of Amsterdam. 



 

2.1. Chemicals and reagents 
Morphine-HCl was purchased from Centrafarm (Etten-Leur, The Netherlands). 
All other chemicals were purchased fromSigma-Aldrich (Zwijndrecht, The Neth-
erlands). 

2.2. Surgical preparation 
Seventy-three male, Wistar rats (Charles River, Netherlands) weighing 250–350 
g were used for these studies. Rats were maintained on a 12:12 light/dark 
schedule (lights on at 0600 h) with food and water provided ad libitum. The 
rats were acclimated to the local animal facility for at least 7 days prior to use 
in an experiment. Rats were anesthetized with pentobarbital (90 mg/kg i.p.). 
After thoracotomy, the aorta was cannulated in situ and perfusion of the myo-
cardium with Krebs–Henseleit solution was started before excision of the heart 
to reduce ischaemic periods. Then, hearts were mounted on a Langendorff sys-
tem and were perfused at constant pressure (80 mm Hg) with Krebs–Henseleit 
solution containing (in mM) 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 Na-
HCO3, 0.5 EDTA, 2.25 CaCl2, 11 glucose, 0.5 glutamine, 1 lactate, and 0.1 py-
ruvate at 37 °C. A fluid filled balloon was inserted into the left ventricle and 
end-diastolic pressure was set at 1–4 mmHg. All hearts underwent a stabiliza-
tion period of 20min.Heart rate, myocardial function (isovolumetric left ven-
tricular pressure), coronary flow, left ventricular end-diastolic pressure, and 
dP/dt max were measured continuously. Arrhythmic intervals were not used 
for data analysis. The rate pressure product was calculated as heart rate  
(maximal left ventricularpressure−left ventricular end-diastolic pressure). 

2.3. Experimental design 
To investigate whether morphine induces preconditioning in the isolated rat 
heart, we conducted a first series (series 1) of experiments (Fig. 1, panel A). 
Hearts were assigned to one of seven experimental groups. Hearts of all groups 
underwent 35 min of ischaemia followed by 60 min of reperfusion. In control 
group, hearts were kept under baseline conditions for 40 min prior to ischae-
mia. To investigate whether morphine induces preconditioning, 1 μM mor-
phine-HCl was given in three different preconditioning protocols: 3 cycles of 5 
min, interspersed by 5 min washout 15 min prior to ischaemia (3PC5 (15), 
group 2), 3 cycles of 5 min, interspersed by 5 minwashout 5 min prior to is-
chaemia (3PC5 (5), group 3), and for 15 min 15 min prior to ischaemia (PC15 
(15), group 4). To test, whether a high concentration of morphine induces pre-
conditioning, group 5 received 10 μM morphine for 15 min 15 min prior to is-
chaemia (PC15 (15) 
 



 

Figure 1: Experimental 
protocol. Panel A: Experi-
mental series 1. The per-
fusate contains 11 mM glu-
cose and physiological con-
centration of lactate (1 mM), 
pyruvate (0.1 mM) and glu-
tamine (0.5 mM) as sub-
strates. Panel B: Experi-
mental series 2. The per-
fusate contains 11 mM glu-
cose and physiological con-
centration of lactate (1 mM) 
and pyruvate (0.1 mM) as 
substrates. Panel C: Experi-
mental series 3. The per-
fusate contains 11 mM glu-
cose and physiological con-
centration of lactate (1 mM), 
pyruvate (0.1 mM) and glu-
tamine (0.5 mM) as sub-
strates. 
 
 
 

morphine 10 μM). As positive controls, ischaemic preconditioning group (group 
6) underwent 3 cycles of 3 min ischaemia 15 min prior to ischaemia, and group 
7 received 1 μM morphine for 10 min before ischaemia and throughout reper-
fusion (continued morphine). Morphine was dissolved in NaCl (0.9%) and sepa-
rately infused into a mixing chamber placed in the perfusion system. At 60 min 
of reperfusion, hearts were frozen at −20 °C. Subsequently, infarct sizes were 
determined by triphenyl-tetrazolium chloride (TTC) staining. Therefore, heart 
slices (7–9 per heart) were incubated with 0.75% TTC solution for 10 min at 37 
°C and fixed in 4% formalin solution for 24 h at room temperature. The infarct-
ed area was determined by planimetry using SigmaScan Pro 5® computer soft-
ware (SPSS Science Software, Chicago, IL) by two researchers in a blinded man-
ner. Based on our results from experimental series 1, we conducted subse-
quently a second series of experiments where we investigated the impact of 
glutamine onmorphine-induced preconditioning. For this, we conducted exper-
iments under the same conditions as in series 1 except that we perfused the 
hearts with glutamine-free Krebs–Henseleit solution. The experimental proto-
col (Fig. 1, panel B) corresponded to the first two groups of series 1, e.g. a con-
trol group and a 3PC5 (15) group. Infarct sizes were determined as described 
above. To support the finding that the loss of cardioprotection by morphine-
induced preconditioning is caused by glutamine and not by a different efficacy 
due to unequal infarct sizes in control groups, we conducted subsequently a 



 

third series of experiments. For this, we conducted experiments under the 
same conditions as in series 1 except that the hearts underwent a prolonged 
ischaemic time of 40 min. The experimental protocol (Fig. 1, panel C) corre-
sponded to the control group and the PC15 (15) group of series 1. Infarct sizes 
were determined as described above. 

2.4. Statistical analysis 
Data are presented as mean±S.D. Group differences were analyzed (SPSS Sci-
ence Software, version 12.0.1) with use of ANOVA followed by Dunnet's post 
hoc test for experimental series 1, and with the Student t test for experimental 
series 2 and 3. Changes were considered statistically significant when the P val-
ue was less than 0.05. 

3. Results 

3.1. Experimental series 1 
No differences in body 
or heart weight were 
observed between the 
groups (Table 1 panel 
A). 
 
 
 
 
 
 
 
 
 
 
 

 

3.1.1. Infarct size 
Infarct size was 26%±6% (n=8) in controls and was neither affected by any of 
the three preconditioning protocols with 1 μM morphine (3PC5 (15): 33%±7% 
(n=7); 3PC5 (5): 25%±10% (n=7); PC15 (15): 25%±5% (n=6), all n.s. vs. control), 
nor by the administration of 10 μM morphine (3PC5 (15): 26%±8% (n=7), n.s. 
vs. control) (Fig. 2, panel A). Ischaemic preconditioning by 3 cycles of 3 min is-
chaemia reduced infarct size to 6%±3% (n=7, Pb0.05 vs. control). Continuous 



 

administration of morphine reduced infarct size to 14%±7% (n=7, P<0.05 vs. 
control) (Fig. 2, panel A). 

Figure 2 Panel A shows infarct sizes as a 
percentage of the left ventricle in experi-
mental series 1; 
Panel B shows infarct sizes as a percent-
age of the left ventricle in experimental 
series 2; 
Panel C shows infarct sizes as a percentage 
of the left ventricle in experimental 
series 3. 
Data are presented as mean±SD. *P<0.05 
vs. control. 



 

3.1.2. Haemodynamics 
No significant differences in rate pressure product, left ventricular end-diastolic 
pressure, and dP/dtmax were observed between the experimental groups during 
baseline conditions, and at the beginning of ischaemia (Fig. 3). During the 3 cy-
cles of ischaemic preconditioning, we observed a statistically lower rate pres-
sure product and dP/dtmax. The latter remained reduced at 5 min of each reper-
fusion period of the preconditioning cycles. During reperfusion after the pro-
longed period of ischaemia, the left ventricular end-diastolic pressure was low-
er in the ischaemic preconditioning group compared with controls, and at the 
end of the experiment, rate pressure product, dP/dtmax, and phasic left ventric-
ular pressure was higher in the ischaemic preconditioning group. There was no 
difference in heart rate compared with controls at baseline and during reperfu-
sion (Table 2).  



 

There was no significant difference between all groups regarding the time 
when left ventricular contracture reached the maximum, and the level of max-
imal left ventricular ischaemic contracture (Table 1, panel A).  

Figure 3: Line plots 
showing the time 
course of rate pressure 
product (RPP), left ven-
tricular end-diastolic 
pressure (LVEDP), and 
dP/dtmax during experi-
mental series 1. The 
perfusate contains 11 
mM glucose and physio-
logical concentrations 
of lactate (1mM), py-
ruvate (0.1 mM) and 
glutamine (0.5 mM) as 
substrates. Data are 
presented as mean±SD. 
*P<0.05 vs. control 
  



 

3.2. Experimental series 2 
No differences in body or heart weight were observed between the groups 
(Table 1, panel B). 

3.2.1. Infarct size 
Infarct size was 45%±8% (n=6) in controls (Fig. 2, panel B). Preconditioning by 
administration of 1 μM morphine (3PC5 (15)) reduced infarct size to 20%±5% 
(n=6, Pb0.05 vs. control). 

3.2.2. Haemodynamics 
No significant differences in rate pressure product, left ventricular end-diastolic 
pressure, and dP/dtmax were observed between the experimental groups during 
baseline conditions, and at the beginning of ischaemia (Fig. 4). 
  



 

Figure 4: Line plots 
showing the time 
course of rate pressure 
product (RPP), left ven-
tricular end-diastolic 
pressure (LVEDP), and 
dP/dtmax during experi-
mental series 2. The 
perfusate contains 11 
mM glucose and physio-
logical concentrations 
of lactate (1mM) and 
pyruvate (0.1 mM) as 
substrates. Data are 
presented as mean±SD. 
*P<0.05 vs. control 



 

During reperfusion after the prolonged period of ischaemia, the left ventricular 
end-diastolic pressure was lower in the 3PC5 (15) group compared with con-
trols. There was no difference in heart rate, phasic left ventricular pressure, 
and coronary flow compared with controls at baseline and during reperfusion 
(Table 3). 

 
There was no significant difference between both groups regarding the time 
when left ventricular contracture reached the maximum (Table 1, panel B). The 
level of maximal left ventricular ischaemic contracture was significantly re-
duced in 3PC5 (15) (68±8 mm Hg vs. 82±11 mm Hg, Pb0.05). 

3.3. Experimental series 3 
No differences in body or heart weight were observed between the groups 
(Table 1, panel C). 

3.3.1. Infarct size 
Infarct size was 42%±6% (n=6) in controls (Fig. 2, panel C). Preconditioning by 
administration of 1 μM morphine (PC15 (15); n=6) did not reduce infarct size 
(41%±7%; n.s. vs. control). 



 

3.3.2. Haemodynamics 
 
No significant differences in rate pressure product, left ventricular end-diastolic 
pressure, and dP/dtmax were observed between the experimental groups during 
baseline, ischaemia and reperfusion (Fig. 5). There was no difference in heart 
rate, phasic left ventricular pressure, and coronary flow compared with con-
trols at baseline and during reperfusion (Table 4). 
 

 
There was no significant difference between both groups regarding the time 
when left ventricular contracture reached the maximum and the level of maxi-
mal left ventricular ischaemic contracture (Table 1, panel C). 
  



 

 
Figure 5: Line plots 
showing the time course 
of rate pressure product 
(RPP), left ventricular 
end-diastolic pressure 
(LVEDP), and dP/dtmax 
during experimental 
series 3. The perfusate 
contains 11 mM glucose 
and physiological con-
centrations of lactate 
(1mM), pyruvate (0.1 
mM) and glutamine (0.5 
mM) as substrates. Data 
are presented as 
mean±SD. 

 



 

4. Discussion 

The main findings of our study are that a) in the isolated Langendorff perfused 
rat heart morphine administration in a preconditioning manner does not in-
duce protection of the myocardium in the presence of physiological concentra-
tions of glutamine, while both continued administration of morphine, and is-
chaemic preconditioning protect the myocardium, and that b) morphine ad-
ministration in a preconditioning manner induces myocardial protection in the 
absence of glutamine. 
It is well known that stimulation of opioid receptors by both endogenous and 
exogenous opioids enhances the resistance of the myocardium against ischae-
mia–reperfusion injury (Peart et al., 2005; Peart and Gross, 2004; Zhang et al., 
2005, 2004). Schultz et al. showed that the nonselective opioid receptor antag-
onist naloxone abrogated the cardioprotective effect of ischaemic precondi-
tioning, (Schultz et al., 1995) and, furthermore, that exogenous opioid receptor 
stimulation by morphine initiates cardioprotection (Schultz et al.,1996). In a 
later study, Schultz et al. demonstrated that the cardioprotective effect of is-
chaemic preconditioning was mediated by δ1-opiod receptor activation. Phar-
macological blockade of neither μ-receptors nor k-opioid receptors had an ef-
fect on ischaemic preconditiong (Schultz et al., 1998). There is evidence that 
also morphine-induced preconditioning is mediated via activation of δ-opioid 
receptors (Schultz et al., 1997). Furthermore, it was shown that the regulation 
of mitochondrial function by activation of mitochondrial ATP-sensitive potassi-
um (mKATP) channels plays a central role in morphine-induced cardioprotection 
(Cohen et al., 2001; McPherson and Yao, 2001). Ludwig et al. (2003) demon-
strated that morphine enhanced isoflurane induced preconditioning via activa-
tion of mKATP channels. The involvement of mitochondria in morphine-induced 
cardioprotection is supported by data from our group, showing that morphine 
causes a translocation of hexokinase to the mitochondria (Zuurbier et al., 
2005). The interaction of hexokinase with the mitochondria may inhibit apop-
tosis through inhibition of mPTP opening (Majewski et al., 2004). Prevention of 
mPTP opening due to alterations in mitochondrial function is involved in is-
chaemic preconditioning (Hausenloy et al., 2002). Thus, we initially aimed at 
investigating the role of mPTP in morphine-induced preconditioning in the iso-
lated Langendorff perfused rat heart. However, we failed to detect a protective 
effect of morphine. Based on this surprising finding we investigated whether 
morphine-induced preconditioning depends on the preconditionin protocol. 
Our results show that morphine does not initiate cardioprotection when ad-
ministered in a preconditioning manner i.e. with a washout phase where the 
substance is no longer present during ischaemia and reperfusion. In contrast, 
with the continuous administration of morphine, cardioprotection could be ob-



 

served and infarct size was reduced. Many of the studies investigating the car-
dioprotective effects of morphine were conducted using either in vivo models 
of myocardial infarction or the Langendorff perfusion model. In the case of in 
vivo models, when the drug is given prior to ischaemia, it is difficult to discrimi-
nate between pharmacological actions that occur before ischaemia, i.e. pre-
conditioning, or during ischaemia and reperfusion because the substance will 
still be present in the tissues. Dependent on the half-time of morphine, it can 
be assumed that morphine is still present during ischaemia. In most prior stud-
ies investigating the protective effect of morphine on ischaemia–reperfusion 
injury in the isolated heart model, morphine was administered until the onset 
of ischaemia and/or throughout the reperfusion period, i.e., also not in a classi-
cal preconditioning protocol. Cohen et al. (2001) demonstrated in the isolated 
rabbit heart that 5 min of perfusion with 0.3 μM morphine initiates precondi-
tioning. In their study, morphine administration was followed by 15 min of per-
fusion with morphine-free perfusate to allow a washout of the drug before the 
global ischaemia Cohen et al., 2001). In contrast to their study, we did not de-
tect an infarct size reducing effect of morphine in a similar protocol, i.e. when 
morphine treatment was not given until the onset of the global ischaemia. 
Therefore, it is unlikely that the contradictory findings of both studies are 
caused by different experimental protocols. Furthermore, the morphine con-
centration of 1 μM that was used in the present study has been shown to in-
duce the strongest preconditioning effect in ventricular myocytes (Liang and 
Gross, 1999). Interestingly, ongoing experiments from a collaborating laborato-
ry (Department of Anaesthesiology, University of Düsseldorf, Germany) investi-
gating a different effect of morphine on the isolated rat heart showed a strong 
preconditioning effect of 1 μM morphine in isolated Langendorff perfused rat 
hearts (preliminary data). Therefore, we hypothesized that the protective 
properties of morphine are not only dependent on the administration protocol, 
but also affected by the experimental conditions. Recently, there is increasing 
interest in the question, why the translation of beneficial preconditioning ef-
fects obtained in animal models into the clinical setting has been disappointing 
(for review see Dirksen et al., 2007; Yellon and Hausenloy, 2007). One of the 
likely factors relates to that laboratory conditions often deviates largely from 
the normal physiological conditions. For example, the substrates and concen-
trations thereof used in isolated heart perfusion studies often deviates from 
that found in vivo (Chatham et al., 2001). Furthermore, discrepancies in the re-
sults of animal studies can partially be caused by the failure to use standardized 
models and research protocols (Bolli et al., 2004). A comparison of the exact 
models and research protocols of our study and the study from the collaborat-
ing laboratory showed a difference in the substrate composition of the per-



 

fusates. In contrast to the study conducted at the University of Düsseldorf, 
where only glucose and pyruvate were present, the perfusate used in the first 
series of our experiments contained a mixture of glucose and pyruvate, lactate, 
and glutamine at physiological concentrations to simulate physiological sub-
strate conditions (Chatham et al., 1999, 2001; Stein and Moore, 1954). As stat-
ed above, this metabolic profile was specifically chosen to minimize as much as 
possible problems associated with the translation from the laboratory condi-
tion to the in vivo condition. It is already known that glutamine at higher than 
physiological concentrations (1.25–2.5 mM) protects the heart against I/R inju-
ry (Khogali et al., 1998, 2002; Liu et al., 2007). Our present study not only 
shows that glutamine already at physiological concentrations protects the 
heart against I/R injury, but that this concentration of glutamine also prevents 
morphine-induced preconditioning. To exclude that the abolished effect of 
morphine-induced preconditioning is caused by a reduced efficacy due to lower 
infarct sizes between the control groups (i.e. between control groups of exper-
imental series 1 and 2), we conducted additional experiments (experimental 
series 3) with a prolonged ischaemic time to increase the infarct size in the 
presence of glutamine. Our results demonstrate that the extent of infarct size 
has no impact on the blockade of morphine-induced preconditioning by gluta-
mine. A limitation of this study is that it cannot provide deeper insight into the 
exact mechanism by which glutamine and morphine-induced preconditioning 
interfere. It has been demonstrated by Liu et al. (2007) that the cardioprotec-
tive effect of glutamine is mediated via activation of the hexosamine biosyn-
thesis pathway and increased protein O-linked N-acetylglucosamine (O-GlcNAc) 
levels. Recently, Jones et al. (2008) demonstrated that “O-GlcNAc signaling rep-
resents a unique endogenously recruitable mechanism of cardioprotection that 
may involve direct modification of mitochondrial proteins critical for survival 
such as voltage-dependent anion channel.” It is possible that at least parts of 
this pathway are also involved in the signal transduction of morphine-induced 
preconditioning. Future studies are needed to clarify this possible interaction. 
Taken together, this study demonstrates that morphine can induce precondi-
tioning, but that the protective effect strongly depends on experimental condi-
tions, e.g. both the administration protocol and the substrate conditions. The 
data from our study might suggest that a preconditioning effect of morphine 
may be non-existent due to the physiological presence of glutamine. On the 
other hand, from a continuous presence of morphine during ischaemia and 
reperfusion a cardioprotective effect of morphine could still be expected also in 
the absence of a preconditioning effect. Any translation from our highly artifi-
cial model to the in vivo situation should be done with caution. Therefore, we 
hope that the results of this study may contribute to a more critical view on 



 

experimental conditions and experimental settings when translating conclu-
sions from laboratory studies to the in vivo condition. 
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