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Abstract — Maintenance of nitric oxide (NO) homeostasis is an important concept for myocardial protection. Here, we have
investigated the NO pathway by analysing total nitrate concentration (NOx) and NO synthase (NOS) isoforms expression as
well as the myocardial integrity by lactate dehydrogenase and creatine kinase contents in the rat heart graft arrested by
CRMBM solution, submitted to 3 hr cold ischemia in the same solution and 24 hr blood reperfusion following heterotopic
abdominal heart transplantation. NOx level was similar to baseline value after ischemia and significantly increased after 24
hr reperfusion. NOS isoforms expression was highly modulated after cold ischemia followed by blood reperfusion.
Endothelial NOS expression was decreased after ischemia but restored after 24 hr reperfusion. Neuronal NOS expression
was drastically decreased after ischemia and 24 hr reperfusion. Inducible NOS protein was present only after 24 hr
reperfusion. Cold ischemia induced a severe loss of creatine kinase without any modification after blood reperfusion. In
conclusion, we show here that CRMBM solution did not increase NO production during ischemia but induced an enhanced
synthesis of NO during reperfusion which may be related to restoration of endothelial NOS expression and/or induction of
inducible NOS expression.
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INTRODUCTION are largely distributed in the mammalian
myocardium (23) and subserve distinct functions

transplantation leads to myocardial and Subcellular localization, regulation and coupling
endothelial injury that ultimately involves (0 downstream fargets. Consequently, it is
impaired contractile performance and cardiac thought that changes in their expression and
allograft vasculopathy. Protection of the activity ~may have physiological  and
endothelium and maintenance of nitric oxide Pathophysiological consequences for long-term
(NO) pathway have been recognized as an outcome _of heart graft. In particular, a
important concept for myocardial protection (26, ~disregulation of the NO pathway has been
28, 31). Impaired NO homeostasis during reported to play a major role in the development
ischemia-reperfusion contributes to deleterious Of graft vasculopathy (31). _

effects including myocardial stunning (26). NO The CRMBM cardioplegic solution has been
originates from L-arginine in a reaction catalyzed ~developed in our laboratory (2) and optimized to
by NO synthase (NOS) which exists in three limit endothelial and myocardial dysfunction due
established isoforms: endothelial (eNOS, NOS- t0 ischemia-reperfusion injury both in ex vivo
3), neuronal (NNOS, NOS-1) and inducible and in vivo studies (3, 4, 10, 11). In a preliminary

(iNOS, NOS-2). The three NO synthase isoforms ~ Study, we have demonstrated that NOS isoforms
play distinctive roles in parallel to changes in

Abbreviations: CRMBM, Centre de Résonance Mmyocardial function during short (1 hr) and
Magnétique Biologique et Médicale; NO, nitric oxide; NOx,  prolonged (24 hr) reperfusion with the standard
total nitrate concentration; endothelial (e), neuronal (n), CRMBM solution (9). In addition,

inducible (i) nitric oxide synthase (NOS). supplementation of CRMBM solution with L-
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arginine decreased myocardial stunning during 1
hr in vivo reperfusion due to a better preservation
of the NO pathway in a heterotopic rat heart
transplantation model (4). In the same animal
model, we have reported recently that L-arginine-
enriched CRMBM solution improved post-
ischemic functional recovery, increased high
energy compounds and production of NO after 1
hr reperfusion without modification of NOS
isoforms, indicating a better myocardial and
endothelial preservation of the heart graft than
with the commercial solution Celsior (7). To our
knowledge, NO production and the three NOS
isoforms expression have not been studied during
cold storage following cardioplegic arrest and
prolonged blood reperfusion. In this context, we
have investigated total nitrate concentration
(NOx) and the expression of endothelial,
neuronal and inducible NOS isoforms in the rat
heart graft arrested by optimized CRMBM
solution, submitted to 3 hr of cold ischemia in the
same solution and 24 hr blood reperfusion
following  heterotopic ~ abdominal  heart
transplantation. Myocardial tissue contents of
lactate dehydrogenase and creatine kinase were
also used as markers of myocardial damage and
cellular injury.

MATERIALS AND METHODS

Heterotopic heart transplant model

The experimental model, a modified Ono-Lindsey
model, has been described elsewhere (5). Briefly, Lewis
inbred male rats weighing 325 to 400 g were used as both
donors and recipients. All animals received humane care in
compliance with the principle of laboratory animal care
formulated by the National Society for Medical Research
and the “Guide for the Care and Use of Laboratory
Animals” 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 Ministry of
Agriculture.

Donors  and  recipients  were  anesthetized
intraperitoneally with ketamine (80 mg/kg)/xylazine (10
mg/kg) and pentobarbital (40 mg/kg), respectively. Donors
intravenously received 1,000 IU sodium heparin.
Cardioplegic arrest and preservation of the heart transplants
were achieved with CRMBM solution (10). Composition of
CRMBM solution is given in Table 1. The CRMBM
solution was made extemporaneously in the laboratory.
During cold storage, the grafts were kept at 4°C in 100 ml of
the respective preservation solution. Total ischemic time
was set at 3 hours (hr) for all experiments. For reperfused
hearts, heterotopic abdominal heart transplantation was
performed as previously described (5), ischemic time
included the time necessary to implant the graft into the
recipient (30 minutes). At the end of heterotopic abdominal
heart transplantation, blood reperfusion was achieved by
unclamping the recipient’s aorta. The hearts were allowed to

recover in vivo during 24 hr to evaluate prolonged blood
reperfusion.

Table 1. Composition of the CRMBM solution

Components CRMBM solution
(mM)
KCI 2
KH,PO, 2
CacCl, 0.25
MgCl, 13
NaOH 120
Lactobionic acid 100
Raffinose 30
Glutamate 20
Mannitol 30
GSH 3
Adenosine 0.5
Allopurinol 1
L-arginine 2
Osmolarity (mOsm/l) 340
pH 7.4
Groups
Hearts were rapidly freeze-clamped with a

Wollenberger clamp precooled in liquid nitrogen either after
3 hr of cold ischemia (Ischemia group, n = 5) or after 24 hr
blood reperfusion following heterotopic abdominal heart
transplantation (24 hr reperfusion group, n = 5-7). For
determining baseline values, 6 other hearts were freshly
excised from Lewis rats and freeze-clamped (Baseline
group, n = 6).

Total nitrate concentration

Tissue total nitrate concentration (NOx) was
determined according to the method described by Cross et al
(6) using a nitrate/nitrite colorimetric assay kit (Cayman
Chemical Compagny, Ann Arbor, M1, USA).

NOS isoforms expression

Endothelial (e), neuronal (n) and inducible (i) NOS
isoforms expression was determined by Western blotting
using specific primaries antibodies (1/1000, 1/250, 1/500,
Transduction Laboratories, USA) as previously described
4,9).

Lactate dehydrogenase (LDH) and creatine kinase (CK)
Lactate dehydrogenase and creatine kinase activities
were measured as previously described (10).

Statistical analyses

Results were expressed as means + SEM. Comparison
between groups was analyzed by one-way ANOVA
followed by a Scheffe’s post-hoc test. A value of p < 0.05
was considered statistically significant.
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RESULTS

Total nitrate concentration

Tissue total nitrate concentration (NOx) was
determined as a measure of NO production (6,
14) and was shown in Figure 1. NOX
concentration was similar to baseline value after
3 hr ischemia and significantly increased after 24
hr reperfusion (p < 0.002 versus Baseline and p <
0.005 versus Ischemia).
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Baseline Ischemia 24 hr
reperfusion

Figure 1. Total nitrate concentration (NOx) in freeze-
clamped hearts after ischemia and 24 hr blood reperfusion
compared to Baseline. Results are expressed as means +
SEM. Versus Baseline, * p < 0.002; versus Ischemia, T p <
0.005.

NOS isoforms expression

Endothelial (e), neuronal (n) and inducible
(i) NOS isoforms expression were shown in
Figures 2A, 2B and 2C respectively. eNOS
expression was decreased after cold ischemia (p
< 0.05 versus Baseline) but restored after 24 hr
reperfusion (versus Ischemia, p < 0.01). nNOS
expression was decreased after cold ischemia and
24 hr reperfusion (versus Baseline, p < 0.0001
and p < 0.01, respectively). nNOS expression
was significantly increased after 24 hr
reperfusion compared with Ischemia (p < 0.02).
By contrast to eNOS and nNOS, iNOS protein
was present only after 24 hr reperfusion (versus
Baseline, p < 0.001; versus Ischemia, p < 0.001).

Lactate dehydrogenase (LDH) and creatine
kinase (CK)

Myocardial tissue contents in LDH and CK
were shown in Table 2. LDH was unchanged in
any condition. A significant loss of CK was
found after ischemia (p < 0.001 versus Baseline)
and after 24 hr blood reperfusion (p < 0.001
versus Baseline).

DISCUSSION

Protection of endothelium and maintenance
of NO pathway are crucial for cardiac transplant
outcome (26, 28, 31). Impaired NO homeostasis
during ischemia-reperfusion contributes to
deleterious effects including myocardial stunning
(26). Here, we have focused our study on NO
pathway modulation after cold storage following
cardioplegic arrest and prolonged reperfusion in
a heterotopic rat heart transplantation model.
Cardiac ischemia and blood reperfusion may be
responsible for either the loss of NOS isoforms
or changes in their activity, both conditions
possibly leading to coronary dysfunction and
myocyte injury but little is known about their
modulation during cold storage and blood
reperfusion.

The determination of tissue total nitrate
concentration (NOx) was used to reflect in vivo
NO production as previously reported (14, 33).
Our baseline value in the rat heart (0.38 + 0.02
nmol/mg protein) was similar with data obtained
by Cross et al (6) in the male mouse heart (32
pmol/mg protein) taking into account the heart
weight of each animal respectively and was also
similar to the value reported in the rat heart by
Xiao et al (32). A good correlation has been
found between this measure and the
determination of NOS activity in vitro by
measuring the conversion of L-arginine to L-
citrulline (33). Ischemia-reperfusion injury has
been reported to be initiated by a massive burst
of NO production after onset of ischemia due to
increased calcium concentration and activation of
eNOS, depleting local L-arginine and/or BH4
concentrations (16, 17, 26). This increased NO
production is particularly deleterious because it
can induce peroxynitrite synthesis during
reperfusion which is known to be involved in
myocardial ischemia-reperfusion injury (16, 17).
Apart from NOS-derived NO, a non-enzymatic
production of NO exists during myocardial

ischemia (22, 34). Xanthine oxidase and
increased calcium  concentration due to
intracellular tissue acidosis during ischemia

cause an increase in NO production in the heart
(12, 27). Interestingly, we did not observe any
increase in NO production during cold ischemia
with CRMBM solution by contrast to results
obtained previously with Celsior solution
showing an increased NO production after 3 hr
ischemia (8). As a matter of fact, we recently
reported lower myocardial and endothelial
preservation after 1 hr reflow with Celsior
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Figure 2. endothelial NOS (eNOS) (A), neuronal NOS (nNOS) (B) and inducible NOS (iNOS) (C) isoforms expression in
freeze-clamped hearts after ischemia and 24 hr blood reperfusion compared to Baseline. The bar graphs next to the blots
show results from 5-6 rats in each group. Results are expressed as means + SEM. Versus Baseline, * p < 0.05, ¥ p < 0.0001,
§ p<0.01, 1 p <0.001. Versus Ischemia, t p <0.01, ** p <0.02, 1 p <0.001.
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Table 2. Myocardial tissue contents in lactate dehydrogenase (LDH) and creatine kinase (CK)

LDH U/mg protein

CK U/mg protein

Baseline 2.84+0.15 10.35 £ 0.57
Ischemia 3.38+0.11 6.18 +0.11*
24h reperfusion 2.82+£0.19 6.88 £ 0.50t

Versus Baseline, * p =0.0002, T p = 0.0006.

solution compared with CRMBM solution (7). In
addition, increased NO production after 1 hr
reperfusion with the CRMBM solution was
associated  with  improved  postischemic
functional recovery and higher phosphocreatine
and ATP concentrations after reflow compared
with hearts preserved with Celsior solution (7).
For the first time to our knowledge, we
showed here the three NOS isoforms expression
after cold ischemia and prolonged reperfusion in
a heterotopic rat heart transplantation model.
NOS isoforms expression after 24 hr reperfusion
was similar to a previous study with the standard
CRMBM solution (9), showing that the presence
of L-arginine in the optimized CRMBM solution
did not modify the expression of NOS isoforms
at the stage of reperfusion. A moderate decrease
in eNOS expression (23% lower than Baseline
value) was observed at the end of ischemia
whereas the loss of NNOS expression was more
severe (88% lower than Baseline value). It is
possible that the loss of eNOS was due to protein
degradation by activation of cellular proteases
(24) and/or was associated with a combination of
pH-dependent denaturation and proteolysis as
reported by Giraldez et al (15). However loss of
eNOS was limited in the present study, in
possible relation with preservation of the protein
pool with the CRMBM solution. Interestingly,
the loss of eNOS protein was reversed after
reperfusion demonstrating restoration of eNOS
protein due to new protein synthesis and/or to
better preservation of eNOS protein pool.
Restoration of eNOS expression after 24 hr blood
reperfusion may have a beneficial effect via the
cardioprotective  effects of this isoform.
Effectively, Vejlstrup et al (30) have suggested
that a rapid fall in eNOS expression in human
myocardial biopsies within the first months

dysfunction often seen after human cardiac
transplantation. By contrast to eNOS, nNOS
protein content was not restored after 24 hr
reperfusion. It has been suggested that, in the
heart, eNOS normally accounts for most of NO
production (1, 15). nNOS appears much less
prominent although the exact amount of this
isoform in the heart in uncertain (29).
Compensatory or deleterious effect of nNOS in
ischemic heart remains to be defined (23) and the
role of the severe loss of nNOS protein after
ischemia-reperfusion injury on graft outcome
needs to be clarified in the future. As was
observed in this study, late expression of iNOS
after reperfusion has been reported previously
with varying effects. iNOS expression has been
either related to tissue injury (20, 25) or
associated to protective effects (21). In
conclusion, there are disparate findings regarding
the role of INOS and future studies should be
addressed to examine the complex and opposing
roles of iINOS in graft transplant outcome.

The CRMBM solution has been optimized
to protect myocardial and endothelial function
during long-term heart preservation (3, 4, 10,
11). Due to the presence of L-arginine in the
solution and its role as a NO precursor,
myocardial NO production is an important
parameter to evaluate. As we discussed
previously in the original paper describing the
solution (2), the presence of magnesium and low
potassium as well as a moderate calcium content
in the CRMBM solution contribute to limit the
energy-dependent calcium influx (18) which may
reduce the activation of eNOS and nNOS. In
addition, anti-oxidants present in the CRMBM
solution can modulate reactive oxygen species
production and also intracellular Ca** overload in
ischemic-reperfused heart (19) and may protect

following heart transplantation may be endothelial function by reducing oxidative stress
responsible  for the coronary endothelial (13). However, we did not evaluate markers of
1212
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oxidative stress in this study. In addition, we
reported here that although no significant change
in LDH was found in any condition, cold
ischemia induced a severe loss of creatine kinase
content which was maintained after reperfusion.
As it has been reported that ischemia results in
activation of cellular proteases (24), the loss of
creatine kinase can be due to protein degradation
and/or cellular damage. Furthermore,
maintenance of CK pool compared to ischemia
after reperfusion may be associated to a better
protection of cellular integrity due in particular to
the low potassium concentration in the CRMBM
solution as reported previously (11).

As a limitation of the study, we are aware
that the heterotopic rat heart transplantation
model is still basically that of an unloaded,
perfused heart. It is also important to underline
that we have measured the total eNOS, nNOS
and INOS protein levels in cardiac tissues and
that the specific location of structures of the heart
in which the different types of NOS are
specifically upregulated or downregulated cannot
be understood.

To the light of the results obtained in the
present study, we hypothesize that restoration of
eNOS expression and/or induction of iINOS
expression during reperfusion may be related to
increased NO production. Whether this increased
NO production is beneficial for the outcome of
heart graft has to be further investigated.
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