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Introduction

Cardiac transplantation is the most successful therapy of

refractory heart failure but clinical transplantation is still

facing problems because of ischaemia-reperfusion injury

such as acute pump failure and cardiac allograft vasculop-

athy. Although the pathophysiology of ischaemia-reperfu-

sion injury related to cardiac transplantation is still not

completely understood, the loss of normal endothelial

function and integrity appears to play a pivotal role [1,2]

and the involvement of the nitric oxide (NO) pathway in

this injury has been described [3–5]. Last generation heart

preservation solutions aim to protect both myocardial

and endothelial function during ischaemia-reperfusion

injury to improve cardiac graft survival. Accordingly, a

variety of pharmacological compounds have been investi-

gated in experimental models of ischaemia-reperfusion,

such as oxygen free radical scavengers, antioxidants, NO
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Marseille, Université de la Méditerranée, 27

Bd Jean Moulin, 13385 Marseille cedex 05,

France. Tel.: +33 4 91 25 65 29; fax: +33 4

91 25 65 39; e-mail: martine.desrois@

medecine.univ-mrs.fr

Received: 5 July 2007

Revision requested: 25 July 2007

Accepted: 29 October 2007

doi:10.1111/j.1432-2277.2007.00602.x

Summary

Myocardial injury caused by prolonged storage compromises post-transplanta-

tion contractile performance and induces endothelial injury. The aim of this

study was to compare a solution developed in our laboratory [Centre de Réso-

nance Magnétique Biologique et Médicale (CRMBM) solution] with a widely

used solution (Celsior�, Genzyme, Saint Germain en Laye, France). Metabolic

and contractile parameters as well as indexes of endothelial injury were mea-

sured in a heterotopic rat heart transplantation model with a 3-h ischaemia

and a 1-h reperfusion. The two solutions were randomly used for cardioplegia

and graft preservation in six experiments each. During reperfusion, developed

pressure and rate pressure product were higher with CRMBM compared with

Celsior (P = 0.0002 and P = 0.0135, respectively). Phosphocreatine and adeno-

sine triphosphate (ATP) concentrations after reperfusion were significantly

higher with CRMBM (P = 0.0069 and P = 0.0053, respectively). Endothelial

nitric oxide synthase (eNOS) and neuronal nitric oxide synthase (nNOS) pro-

tein expression were decreased to the same extent after reperfusion compared

with baseline with CRMBM (P = 0.0001 and P < 0.0001, respectively) and Cel-

sior (P = 0.0007 and P < 0.0001, respectively). Total nitrate concentration

(NOx) was significantly increased after reperfusion with CRMBM (P < 0.0001

versus baseline and P < 0.0001 versus Celsior). Na,K-ATPase activity was

decreased in both groups versus baseline after reperfusion (P < 0.0001 for

CRMBM and P < 0.0001 for Celsior). We showed limitation of both myocar-

dial and endothelial damage with CRMBM compared with Celsior during het-

erotopic rat heart transplantation in vivo.
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donors, adenosine-related agents, Na+/H+ exchange inhib-

itors [6,7].

In this setting, Centre de Résonance Magnétique Biologi-

que et Médicale (CRMBM) cardioplegic solution has been

developed in our laboratory [8] and subsequently opti-

mized to limit endothelial dysfunction caused by ischae-

mia-reperfusion injury [9–11]. We have shown a protective

effect of this solution on postischaemic functional recovery

[10,11] in the isolated rat heart model. Protective effect of

CRMBM solution against myocardial stunning during pos-

tischaemic in vivo reperfusion has been demonstrated in a

heterotopic rat heart transplantation model [9]. In the iso-

lated perfused rat heart model, CRMBM solution has been

shown to improve coronary flow and cellular integrity

compared with Celsior� [12]. Here, we aimed at compar-

ing CRMBM with commercial Celsior� [13] by measuring

in vivo metabolic and haemodynamic indexes of heart

grafts submitted to 3 h of cold ischaemia followed by 1-h

blood reperfusion in the rat heart heterotopic transplanta-

tion model. High energy phosphates (HEP) and intracellu-

lar pH were measured ex vivo at the end of cold ischaemia

by 31P magnetic resonance spectroscopy (MRS). Myocar-

dial function was assessed after 1-h reperfusion. Hearts

were freeze-clamped at the end of reperfusion. HEP and

Na,K-adenosine triphosphatase (ATPase) activity were

determined as markers of myocardial damage and NO syn-

thase isoforms expression and total nitrate concentration

(NOx) as markers of endothelial damage.

Materials and methods

Heterotopic heart transplant model

The experimental model, a modified Ono-Lindsey model,

has been described elsewhere [14]. Briefly, Lewis inbred

male rats weighing 325–400 g were used as both donors

and recipients. All animals received humane care in com-

pliance with the principle of laboratory animal care for-

mulated by the National Society for Medical Research

and the ‘Guide for the Care and Use of Laboratory Ani-

mals’ prepared by the Institute of Laboratory Animal

Resources and published by the National Institutes of

Health (NIH Publication No. 86-23, revised 1996). All

investigations in this project were conducted under a

license for animal research granted by the French Minis-

try of Agriculture.

Donors and recipients were anesthetized i.p. with keta-

mine (80 mg/kg)/xylazine (10 mg/kg) and pentobarbital

(40 mg/kg), respectively. Donors i.v. received 1000 IU

sodium heparin. Cardioplegic arrest and preservation of

the heart transplants were achieved either with CRMBM

solution [11] (CRMBM group, n = 6) or with the com-

mercial Celsior� solution [13] (Celsior group, n = 6).

The composition of CRMBM and Celsior solutions is

given in Table 1. The CRMBM solution was made extem-

poraneously in the laboratory. During cold storage, the

grafts were kept at 4 �C in 100 ml of the respective pres-

ervation solution. Total ischaemic time was set at 3 h for

all experiments and included ischaemia time (30 min)

necessary to implant the graft into the recipient. At the

end of heterotopic abdominal heart transplantation, blood

reperfusion was achieved by unclamping the recipient’s

aorta.

Graft evaluation

Ex vivo 31P MRS at the end of cold ischaemia

Noninvasive evaluation of the heart graft by 31P magnetic

resonance spectroscopy (31P MRS) before transplantation

was performed as previously described [14]. Briefly, spec-

tra were obtained at 4.7 T during 5 min maintaining the

temperature at 4 �C to determine phosphocreatine (PCr),

ATP, inorganic phosphate (Pi), phosphomonoesters

(PME) and intracellular pH (pHi). Phenylphosphonic

acid (0.6 mol/l) in a glass capillary placed along the heart

was used as a reference for quantification and peaks areas

were corrected for saturation. Cytosolic concentrations

(mml/l) were calculated taking into account the intracel-

lular volume and the tissue weight. An important point

was that the noninvasive study of the heart graft by 31P

MRS at the end of cold ischaemia allowed to study the

energetic metabolism before transplantation and the func-

tion after reperfusion in the same hearts.

Contractility

After a recovery period of 60 min following heterotopic

transplantation, the recipient received a second dose of

Table 1. Composition of the Centre de Résonance Magnétique

Biologique et Médicale (CRMBM) and Celsior solutions.

Components (mml/l) CRMBM solution Celsior solution

KCl 2 15

KH2PO4 2

CaCl2 0.25 0.25

MgCl2 13 13

NaOH 120 100

Lactobionic acid 100 80

Raffinose 30

Glutamate 20 20

Mannitol 30 60

L-glutathione reduced 3 3

Adenosine 0.5

Allopurinol 1

l-arginine 2

Histidine 30

PH 7.4 7.3

Osmolarity (mml/l) 340 320
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pentobarbital. The heart graft was exposed through the reo-

pened laparotomy and a latex balloon was introduced into

the left ventricle via the apex for evaluation of the graft

contractility. Left ventricular developed pressure (LVDP)

and heart rate (HR) were monitored using a pressure trans-

ducer (pressure monitoring kit, T 100210 A; Baxter, Maur-

epas, France) and a Gould transducer amplifier (model

13-4615-50; Gould Inc., Cleveland, OH, USA). Peak

systolic pressure and HR were recorded using an AD

converter (AX5412 card, AXIOM) and the ATS software

(SYSMA, Aix en Provence, France). The rate pressure prod-

uct (RPP) (HR *LVDP) was used as index of cardiac func-

tion. To validate the comparison within grafts, diastolic

pressure was set at 10 mmHg for all hearts.

Biochemical analyses in freeze-clamped hearts

Hearts were freeze-clamped after blood reperfusion and

analysis of the function (n = 6 for each group). Adenine

nucleotides, PCr and purines were analyzed in perchloric

extracts of portions of hearts by HPLC as reported else-

where [8]. Endothelial (e), neuronal (n) and inducible (i)

NOS isoforms expression was determined in portions of

whole hearts as previously described [9,15]. Total NOx

was determined in portions of hearts using a nitrate/

nitrite colorimetric assay kit (Cayman Chemical Compa-

gny, Ann Arbor, MI, USA). Na,K-ATPase activity was

measured in Na,K-ATPase enriched membrane

microsomal fractions as previously reported [16]. Baseline

values for adenine nucleotides, PCr and purines, Na,K-

ATPase activity, NOS isoforms expression and total NOx

were determined from six other hearts freshly excised

from Lewis rats and freeze-clamped (baseline group).

Statistical analyses

The results were expressed as means ± SD. Comparison

between groups was analyzed by unpaired t-test (haemo-

dynamic and 31P MRS data) and one-way anova fol-

lowed by a PLSD Fischer’s post hoc test (NOS isoforms

expression, adenine nucleotides, PCr and purines content,

NOx concentration and Na,K-ATPase activity). A value of

P < 0.05 was considered statistically significant.

Results

31P SRM at the end of the cold ischaemia

Absolute concentrations of the metabolites PCr, ATP and

Pi determined by ex vivo 31P MRS performed at the end

of cold ischaemia did not differ significantly according to

the nature of the preservation solution (Table 2). On the

other hand, the level of PME and the intracellular pH

were significantly lower in CRMBM compared with Cel-

sior (P = 0.001 and P = 0.0016, respectively).

Contractility

One hour after in vivo reperfusion following transplanta-

tion, the contractility of heart grafts differed significantly

according to the nature of the tested preservation solution

(Table 3). Despite comparable mean HR, grafts preserved

with CRMBM showed a greater LVDP than those pre-

served with Celsior (P = 0.0002). Likewise, RPP was sig-

nificantly higher in hearts preserved with CRMBM

compared with Celsior (P = 0.0135).

Adenine nucleotides, PCr and purines in freeze-clamped

hearts

After reperfusion following heterotopic transplantation,

ATP and PCr concentrations as well as adenylate energy

charge and total adenine nucleotides (TAN) (Table 4) were

significantly higher in hearts protected by CRMBM com-

pared with those protected with Celsior (P = 0.0053,

P = 0.0069, P = 0.0115 and P = 0.028, respectively). ATP,

ADP and TANs were significantly lower in CRMBM and

Table 2. Concentrations of phosphorylated compounds and intracellular

pH (pHi) at the end of 3 h of ischaemia with CRMBM and Celsior assessed by ex vivo 31P MRS.

PCr mml/l ATP mml/l Pi mml/l PME mml/l pHi

CRMBM 0.14 ± 0.22 5.54 ± 2.47 23.26 ± 9.90 3.84 ± 2.67* 6.48 ± 0.20�

Celsior 0.00 ± 0.00 8.05 ± 2.72 16.83 ± 2.52 17.09 ± 8.06 6.86 ± 0.05

CRMBM, Centre de Résonance Magnétique Biologique et Médicale; 31P MRS, 31P magnetic resonance spectroscopy; PCr, phosphocreatine; ATP,

adenosine triphosphate; Pi, inorganic phosphate; PME, phosphomonoesters; pHi, intracellular pH.

CRMBM versus Celsior, *P = 0.001, �P = 0.0016.

Table 3. Cardiac function after 3 h of ischaemia followed by 1 h of

reperfusion with CRMBM and Celsior.

EDP mmHg LVDP mmHg HR Beats/min RPP mmHg/min

CRMBM 8 ± 5 61 ± 10* 181 ± 42 10969 ± 3172�

Celsior 14 ± 5 22 ± 12 220 ± 55 5190 ± 3047

CRMBM, Centre de Résonance Magnétique Biologique et Médicale;

EDP, end diastolic pressure; LVDP, left ventricular developed pressure;

HR, heart rate; RPP, rate pressure product.

CRMBM versus Celsior, *P = 0.0002, �P = 0.0135.
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Celsior groups compared with baseline values (P = 0.0025,

P = 0.002 and P = 0.001 respectively for CRMBM;

P < 0.0001 respectively for all values for Celsior). Adenyl-

ate energy charge was significantly lower only in Celsior

group compared with baseline value (P = 0.0263).

NOS isoforms expression

eNOS, nNOS and iNOS protein expression were assessed

under basal conditions and after reperfusion following

heterotopic transplantation (Fig. 1). We found the same

decrease in eNOS and nNOS protein expression com-

pared with baseline after reperfusion with CRMBM

(P = 0.0001 and P < 0.0001, respectively) and Celsior

(P = 0.0007 and P < 0.0001, respectively). iNOS protein

expression was not detected in any condition despite

maximal loading and high iNOS antibody concentration.

NOx concentration

Tissue total nitrates concentration (NOx) was determined

as a measure of NO production [17,18] and is shown in

Fig. 2. After ischaemia and blood reperfusion, NOx con-

centration was significantly increased with CRMBM com-

pared with baseline (P < 0.0001) and Celsior

(P < 0.0001).

Na,K-ATPase activity

Na,K-ATPase activity is shown in Fig. 3. We found the

same decrease in Na,K-ATPase activity with CRMBM and

Celsior compared with baseline after reperfusion

(P < 0.0001 for both).

Table 4. Content of adenine nucleotides, purines and PCr (mml/l) in freeze-clamped hearts at the end of reflow with CRMBM and Celsior com-

pared with baseline values.

ATP ADP AMP Purines PCr AEC TAN

Baseline (n = 6) 9.5 ± 0.9 4.9 ± 1.3 1.6 ± 1.0 0.0 ± 0.0 6.2 ± 1.0 0.8 ± 0.1 16.0 ± 2.5

CRMBM (n = 6) 5.8 ± 2.8*,** 2.5 ± 1.0�� 0.8 ± 0.3 0.6 ± 0.8 8.5 ± 2.9� 0.8 ± 0.0� 9.0 ± 4.0§��

Celsior (n = 6) 2.4 ± 0.9*** 1.6 ± 0.7*** 0.8 ± 0.3 1.5 ± 1.7 4.4 ± 2.3 0.7 ± 0.1��� 4.8 ± 1.7***

ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; PCr, phosphocreatine; AEC, adenylate energy

charge [(ATP+0.5ADP)/(ATP+ADP+AMP)]; TAN, total adenine nucleotides (ATP+ADP+AMP); CRMBM, Centre de Résonance Magnétique Biologique

et Médicale.

CRMBM versus Celsior, *P = 0.0053, �P = 0.0069, �P = 0.0115, §P = 0.028.

CRMBM versus baseline, **P = 0.0025, ��P = 0.002, ��P = 0.001. Celsior versus baseline, ***P < 0.0001, ���P = 0.0263.
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Figure 1 Protein levels of endothelial nitric oxide synthase (eNOS)

and neuronal NO synthase (nNOS) in freeze-clamped rat hearts after

1-h reperfusion compared to baseline. Results are expressed as

means ± SD in arbitrary units. Versus baseline, *P = 0.0001, �P =

0.0007, �P < 0.0001.
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Figure 2 Total nitrate concentration (NOx) in freeze-clamped rat

hearts after 1-h reperfusion compared to baseline. Results are

expressed as means ± SD in nmol/mg protein. *Versus baseline

P < 0.0001, �versus Celsior P < 0.0001.
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Figure 3 Na,K-ATPase activity in freeze-clamped rat hearts after 1-h

reperfusion compared to baseline. Results are expressed as

means ± SD in lmol Pi/mg protein/h. Versus baseline, *P < 0.0001.
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Discussion

The effects of two different cardioplegic solutions,

CRMBM and Celsior�, on long-term heart preservation

were analyzed for haemodynamic function, energy metab-

olism and endothelial function in the rat heart hetero-

topic transplantation model mimicking clinical heart

transplant conditions. By a large panel of haemodynamic

and metabolic parameters, we showed improved graft

preservation with CRMBM compared with Celsior�

in vivo after 3 h of cold ischaemia followed by 1-h in vivo

reperfusion. The time of ischaemia and the delay follow-

ing reflow were chosen from previous studies in this

model [9,15,19].

The protective effect of the CRMBM solution on the

functional and metabolic status of cardiac grafts is pri-

marily because of the combination of metabolites and

ions present in this cardioplegic solution. One of the dif-

ferences between Celsior� and CRMBM solutions is the

presence in Celsior� solution of histidine, which has a

high buffering capacity [20,21]. We show that hearts pre-

served with Celsior displayed less acidosis, which is con-

sistent with that we previously reported in isolated hearts

preserved after 8 h of ischaemia [12]. However, reduced

acidosis with Celsior solution was not associated with

higher metabolic protection or improved postischaemic

functional recovery. As a matter of fact, higher levels of

PME at the end of cold storage were observed in hearts

preserved with Celsior solution compared with those pre-

served with CRMBM solution. Furthermore, postischae-

mic RPP was improved and end of reperfusion ATP and

PCr contents were higher in hearts protected with

CRMBM solution. The presence of adenosine in the

CRMBM solution may also explain the increased preser-

vation of cardiac graft. As we discussed previously in the

original paper describing the solution [8], adenosine con-

tributes to heart arrest, is a precursor of HEPs and is a

vasodilator agent. Adenosine moderates ischaemia-

induced imbalances of metabolic supply and demand via

prominently A1 adenosine receptor [22,23] and may be

involved in increased ATP and PCr concentration after

reperfusion with CRMBM solution. The cascade of events

involved in the cardioprotective effects of adenosine in

ischaemia/reperfusion injury is complex and appears to

involve many kinases (PKC and tyrosine kinases) as well

as heat shock proteins and mitochondrial (and to some

extent sarcolemmal) KATP channels. On the other hand,

work by Manintveld et al. [24] suggests that cardioprotec-

tion by adenosine is dependent on NO. Among the other

differences between the two solutions, it is important to

underline the presence of allopurinol in the CRMBM

solution, which is known to modulate reactive oxygen

species production and intracellular Ca2+overload in

ischaemic-reperfused heart [25]. In addition, allopurinol

has been shown to protect endothelial function in several

cardiovascular diseases by reducing oxidative stress [26]

and may contribute to the increased NOx levels after rep-

erfusion in CRMBM group.

The probable crucial role of low potassium content and

of the addition of l-arginine in the CRMBM solution

needs to be underlined. Damaging effects of potassium on

coronary endothelium have been reported [27,28]. We

showed previously that lowering the potassium concentra-

tion of the cardioplegic solution improves functional

recovery without affecting high-energy phosphates [10].

Higher potassium concentration (15 mml/l) in Celsior

preservation solution may explain in part the lower postis-

chaemic functional recovery. We previously showed the

protective effect of supplemented-l-arginine CRMBM

solution ex vivo [11] and in vivo [9]. Addition of 2 mmol/

l l-arginine to the CRMBM solution improved postischae-

mic functional recovery, cellular integrity and vasodilatory

capacity of vascular smooth muscle after 8 h of ischaemia

in an isolated perfused rat heart preparation [11]. More-

over, we have shown that adding l-arginine to CRMBM

solution significantly decreased myocardial stunning dur-

ing early reperfusion in vivo after prolonged cold storage

of the rat heart without altering high-energy phosphate

ratios measured in vivo by 31P MRS [9]. Recent studies

have also shown protective effects of l-arginine-enriched

cardioplegia in human hearts [29–31]. The beneficial effect

of exogenous l-arginine on cellular NO production,

although cells maintained saturating levels of l-arginine as

a substrate for NO synthase, has been demonstrated both

in animal and in clinical studies and called the l-arginine

paradox [32,33]. Several mechanisms have been suggested

to explain this phenomenon. It has been proposed that

l-arginine antagonizes asymmetric dimethylarginine, the

endogenous NO synthase inhibitor [34]. An alternative

hypothesis is that l-arginine is compartmentalized within

the cell and that part of the cellular pool of l-arginine is

not available for eNOS [35,36]. Recently Joshi et al. [37]

have provided evidence for binding of l-arginine to mem-

brane receptors leading to the activation of endothelial

NO synthase. l-arginine would then act as an exogenous

ligand for a receptor rather than as a substrate. On the

other hand, it is also important to point out that other

effects of l-arginine, independent of its role as a NO pre-

cursor are also possible. In particular, l-arginine is implied

in the biosynthesis of two compounds, creatine and gluta-

mate, involved in recovery of high-energy compounds and

cardiac function after ischaemia [38–40]. Increased pool

of glutamate and arginine and limited depletion of serine,

aspartate, glycine and taurine after reperfusion have been

reported in the isolated rat heart protected by the

CRMBM solution enriched with l-arginine [41].
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Little is known on the modulation of the NO pathway

during cold storage followed by blood reperfusion. Car-

diac ischaemia may be responsible for either the loss of

NOS isoforms or changes in their activity, both condi-

tions possibly leading to coronary dysfunction and myo-

cyte injury. We showed previously [15] that NOS

isoforms play distinctive roles in parallel to changes in

myocardial function during short and prolonged reperfu-

sion with the standard CRMBM solution. We have

shown in particular that expression of eNOS isoforms

was altered during early reperfusion and not during late

reperfusion [15]. We have also compared eNOS expres-

sion and NOx levels during various durations of ischae-

mia and following reflow, with Celsior as a preservation

solution [19]. In this study, we have compared the effects

of CRMBM and Celsior solutions on NOS isoforms

expression and total nitrates concentration after 1-h rep-

erfusion following 3 h of cold ischaemia. Similar decrease

in eNOS and nNOS protein expression were observed for

both groups at the end of reperfusion versus baseline,

reflecting endothelial dysfunction during prolonged

ischaemia. Even if the content of NOS protein is reduced,

the enzyme activity of the remaining intact molecules

could compensate in part. Although the decrease in

eNOS and nNOS protein content was similar in both

groups at the end of reperfusion, we showed a significant

increase in total NOx concentration at reperfusion in the

CRMBM group, associated with improved myocardial

function and energy metabolism as shown by higher

myocardial content in PCr and ATP. NO homeostasis

has been shown to be altered at early reflow [4] as

ischaemia is associated with a burst of NO and a deple-

tion of l-arginine [42,43] inducing a high production of

O2� at the beginning of reflow contributing to stunning.

Increased production of NO 1 h after reperfusion may

therefore contribute to improved endothelial and myocar-

dial function with the CRMBM solution. iNOS protein

was not detectable in any of the conditions during early

reflow. We previously showed that iNOS protein expres-

sion was visible only during late reperfusion following

ischaemia [15] in agreement with other studies. Xuan

et al. [44] reported that iNOS was not activated until

24 h following ischaemic preconditioning. Wildhirt et al.

[45] reported higher gene expression of iNOS in human

hearts preserved with Celsior solution 1 month after

transplantation. Thus studying iNOS expression during

late reperfusion would be of interest to investigate fur-

ther, as iNOS expression in cardiac tissue has been

related to tissue injury [46].

In conclusion, by a large panel of metabolic, haemody-

namic and biochemical parameters, we have demon-

strated improved myocardial and endothelial preservation

with CRMBM compared with Celsior solution during

heterotopic rat heart transplantation mimicking clinical

heart transplant conditions. Taking into account the

lower tolerance to ischaemic injury of the rat heart, 3 h

of ischaemia in this animal model correspond to a much

longer period of ischaemia for the human heart. For this

reason, we are confident that the ischaemic conditions

encountered in our experiments are relevant for clinical

settings. As dysregulation of the NOS pathway plays a

central role in the development of graft vasculopathy,

preservation solutions limiting endothelial damage may

have a beneficial effect on the long-term results of heart

transplantation.
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