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amino acid is also a constituent of proteins and may
participate in amino acid metabolism (Rau et al.,
1979).

Importance of amino acids in ischemia-reperfusion
has been shown in human hearts and in animal heart
experimental models (Pisarenko et al., 1988). A loss
of intracellular concentrations of taurine, glutamine
(Suleiman et al., 1997b), aspartate and glutamate
(Suleiman et al., 1997a) has been observed in the
hearts of patients during coronary artery bypass sur-
gery following ischemia and reperfusion and these
variations have been related to the functional recovery
of the heart following surgery (Pisarenko et al., 1989;
Svedjeholm et al., 1996). On the other hand, it has
been observed that some amino acids are able to at-
tenuate ischemic and reperfusion injury of the heart.
These protective amino acids are mainly taurine, glu-
tamate, aspartate, glutamine, branched-chain amino-
acids, methionine, cysteine and histidine (Pisarenko,
1996). The proposed mechanisms of action are closely
linked to effects upon intermediary metabolism (as-
partate, glutamate, BCAA (Arsenian, 1998; Schwalb
et al., 1989)), ion homeostasis and myocardial per-
formance (taurine (Zemgulis et al., 2001), histidine
(Takeuchi et al., 1995), BCAA (Schwalb et al., 1989),
glutamine (Khogali et al., 1998)), membrane integrity
(Tau (Raschke et al., 1995), glutamine (Hinshaw et
al., 1990)), scavenging of oxygen-derived free radicals
(histidine, methionine, cysteine (Pisarenko, 1996)),
and the biosynthesis of amino acids (glutamine

Summary. We investigated whether L-arginine, used in heart
preservation to limit endothelial damage, may influence the pool
of amino acids during long term ischemia and reflow. Isolated
isovolumic rat hearts (n � 23) were submitted to 8 h of hypothermic
ischemia after cardioplegic arrest with the Centre de Résonance
Magnétique Biologique et Médicale (CRMBM) solution with or
without L-arginine (Arg and No Arg groups respectively). Hearts
were freeze-clamped after ischemia (n � 11) or submitted to 60 min
of reflow (n � 12) and freeze-clamped. Eight hearts were perfused
aerobically for 20 min and freeze-clamped (No ischemia group).
Addition of L-arginine to the CRMBM solution limited aspartate
depletion and decreased lysine level at the end of ischemia. After
reflow, L-arginine supplementation increased the pool of glutamate
and arginine and limited the depletion of serine, asparagine, glycine
and taurine. We conclude that adding L-arginine to the CRMBM
cardioplegic solution during long term ischemia preserved the
amino acids pool.
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Introduction

Over the past years, L-arginine has been used as a
precursor of NO to prevent endothelial damage
(Szabó et al., 1998). Effects on contractility and en-
dothelial function have been analysed. In a previous
study, we have shown a protective effect on post-
ischemic functional recovery of L-arginine addition
to the Centre de Résonance Magnétique Biologique
et Médicale (CRMBM) solution that we developed
in our laboratory for long term heart preservation
(Bernard et al., 1999; Desrois et al., 2000). L-arginine,
besides being the precursor of nitric oxide (NO), as an
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(Nelson et al., 1994)), purine (glutamine, glycine,
aspartate) and pyrimidine (aspartate, glutamine)
nucleotides.

To assess if L-arginine used as a NO substrate
influences the pool of amino acids during ischemia and
reflow, we have evaluated in the isolated perfused rat
heart model the effect of providing L-arginine during a
long term hypothermic ischemia followed by reflow on
intracellular amino acids. Changes in phosphocreatine
(PCr), adenine nucleotide and purine concentrations
in tissues were also monitored as amino acids pool is
linked to high energy phosphate and adenine nucle-
otide pool (Rau et al., 1979) which is known to be
affected by ischemia and reperfusion.

Material and methods

Perfused heart preparation and functional parameters

Hearts (n � 31) were quickly removed from intraperitoneal pento-
barbital anaesthetized male Sprague Dawley rats (350–400 g) and
perfused at a constant temperature of 37°C and a constant pressure
of 100 mmHg. The perfusion buffer was a phosphate-free Krebs-
Henseleit bicarbonate buffer (pH � 7.4) which had the following
composition (mM): NaCl (118), KCl (4.7), CaCl2 (1.75), MgSO4

(1.2), ethylenediaminetetraacetate tetrasodium (0.5), NaHCO3 (25)
and glucose (11) and was gassed with a mixture of 95% oxygen and
5% carbon dioxide. Left ventricular function was continuously
monitored by a pressure transducer connected to a fluid filled latex
balloon inserted into the left ventricle. End diastolic pressure was
set at 10 mm Hg (Desrois et al., 2000). All animals received humane
care in compliance with the European Convention on Animal Care.
All investigations in this project were conducted under a license for
animal research granted by the French Ministry of Agriculture.

Experimental protocol

(i) Isolated rat hearts (No ischemia group, n � 8) were perfused as
previously described for 20 min with phosphate-free bicarbonate
Krebs-Henseleit buffer, then freeze-clamped with a Wollenberger
clamp precooled in liquid nitrogen. (ii) In a second control group,
isolated rat hearts (No Arg group, n � 12) were perfused as previ-
ously, then arrested with the crystalloid cardioplegic CRMBM solu-
tion (Bernard et al., 1999) and submitted to 8 h of cold storage (4°C)
in the same solution; 6 hearts were freeze-clamped at the end of
ischemia and 6 hearts were reperfused for 60 min at 37°C before
freeze-clamping. (iii) A third group of rat hearts (Arg group, n � 11)
was submitted to the protocol described above but with the addition
of L-arginine (L-arg, 2 mM) to the CRMBM cardioplegic solution;
5 hearts were freeze-clamped at the end of ischemia and 6 hearts
were reperfused for 60 min at 37°C before freeze-clamping. The
CRMBM cardioplegic solution had the following composition
(mM): KCl (2), CaCl2 (0.25), NaOH (120), KH2PO4 (2), MgCl2 (13),
lactobionic acid (100), raffinose (30), glutathione (3), allopurinol
(1), glutamate (20), mannitol (30) and adenosine (0.5); osmolarity
was 340 mOsm/L and pH was 7.4.

Biochemical assays

Analyses of amino acids, adenine nucleotides, PCr, purines, water
content and CK and LDH activities were performed before

ischemia (No ischemia group), after 8 h of ischemia and at the end of
60 min of reflow with (Arg group) or without (No Arg group)
L-arginine in the CRMBM cardioplegic solution.

Determination of amino acid content in freeze-clamped hearts by
ion-exchange high performance liquid chromatography (HPLC)

Aqueous extraction of free amino acids was conducted as described
by Suleiman and Chapman (1993). Pieces (about 100 mg) of freeze-
clamped hearts were immediately homogenized in a glass homo-
genizer (Glas Col, Terre Haute, Indiana, USA). After rinsing the
Potter tube with 1 ml of water, an aliquot of the homogenate was
taken for protein determination (Lowry et al., 1951). The remaining
suspension was centrifuged for 10 min at 1,000 g at 4°C in a Jouan
E96S refrigerated centrifuge (Jouan SA Saint-Herblain, France).
Then, 0.5 ml of the supernatant was deproteinized by ultracentrifu-
gation at 2,000 g, using Millipore ultrafiltration units and a Sorvall
RC2-B refrigerated Superspeed centrifuge (Du Pont, Wilmington,
DE, USA), for 60 min or more to obtain the desired volume of
filtrate (200 µl). Aminoacids in the deproteinized extracts were
derivatized using phenyl isothiocyanate (PITC) and a vacuum
Station Waters Pico-Tag and then determined according to the
Waters Pico-Tag (Millipore, Milford MA, USA) method. The
phenylthiocarbamyl-derivatized aminoacids were separated by
HPLC and detected at 254 nm using a 30 cm Waters Pico-Tag
column, a Merck-Hitachi L-6200A pump (Merck, Darmstadt,
Germany) equipped with a Rheodyne valve, a Merck-Hitachi L-
7400 UV-visible detector and a regulation system of the tempera-
ture of the Waters column maintaining the temperature at 46°C.
Qualitative and quantitative analyses were carried out using amino
acid standards and the α-aminoadipic acid (Sigma, Poole, Dorset,
UK) as an internal standard. The visible amino acids in the chroma-
togram were aspartate (Asp), glutamate (Glu), serine (Ser), aspar-
agine (Asn), glycine (Gly), glutamine (Gln), taurine (Tau), histidine
(His), alanine (Ala), arginine (Arg) and lysine (Lys). Citrulline
(Cit), produced from L-arginine by the action of nitric oxide syn-
thase, was not quantifiable in our experiments because it was mixed
with ammonia resulting from the procedure of derivatization. The
acquired data were processed using the PC integration Pack
Kontron software (Kontron, Milan, Italy). Amino acids concentra-
tions were expressed as µmoles per g of protein. Tau level was
divided by 3 because of the high concentration of this compound
compared to the other metabolites in the myocardial tissue.

Determination of adenine nucleotides and derivatives, PCr
and purines in freeze-clamped hearts by ion-exchange high
performance liquid chromatography (HPLC)

The perchloric acid extraction was adapted from Lazzarino et al.
(1989). Lyophilised freeze-clamped cardiac tissues (50 to 100 mg)
were immediately homogenized with ice-cold 0.6 M perchloric acid
in a glass homogenizer. After 15 min, the homogenate was centri-
fuged for 10 min (5,000 g) at 4°C in a Sorvall RC2-B refrigerated
Superspeed centrifuge. The pellet was reextracted with 0.2 ml of
0.6 M perchloric acid and the two supernatants were combined and
neutralized. The neutralized tissue extracts were centrifuged as de-
scribed above and the supernatants were saved for the comparative
metabolite determinations. Protein calculation was carried out in
the pellet dissolved into 1 ml of NaOH (1 N) according to Lowry et
al. (1951) in order to express results in µmoles per g of protein.
Separation of adenine nucleotide derivatives was performed by
the ion-pairing reverse phase technique of Lazzarino et al. (1991).
Qualitative and quantitative analyses were carried out using ad-
enine nucleotide standards and thymidine monophosphate (Sigma,
Poole, Dorset, UK) as an internal standard. The HPLC system
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consisted of the same pump and detector as for the deter-
mination of amino acids. Under these chromatographic con-
ditions, a highly resolved separation of MDA, ATP, ADP, AMP,
GDP, NAD, PCr, adenosine, ascorbate, inosine, hypoxanthine, xan-
thine, uric acid, ADPribose, and NADP was obtained in 40 min.
Total adenine nucleotides (TAN) was calculated from the sum
ATP�ADP�AMP.

Analyses of CK and LDH activities and water content
in freeze-clamped hearts

Portions of hearts (20 to 50 mg) were homogenized in a potassium
phosphate buffer. Aliquots were removed for measurement of
proteins according to the method of Lowry et al. (1951). Creatine
kinase activity was measured according to Rosalki (1967) at 30°C
with a Sigma kit (n°47). Lactate dehydrogenase activity was mea-
sured by the method of Bernstein and Everse (1975). Creatine
kinase and lactate dehydrogenase activities were expressed in inter-
national units per mg of protein. Another portion of heart was
thawed, blotted and dried in an oven for 48 h at 50°C. Water content
was expressed in percent (wet weight-dry weight/wet weight).
Enzymatic activities were measured with a UVIKON 930 UV-
visible spectrophotometer (Kontron, Milan, Italy).

Statistical analysis

Data are expressed as means � SEM. The effect of time within a
group was evaluated with one way ANOVA. At the end of ischemia
and reflow, differences between groups were analyzed with a two
way ANOVA (group and time). The statistical software was the
SAS/ETS system with Tukey post-hoc test and a p value of less than
0.05 was considered as significant.

Results

Data were obtained before ischemia (No ischemia
group), at the end of ischemia and after reflow with
(Arg group) or without (No Arg group) L-arginine in
the CRMBM cardioplegic solution.

Myocardial function expressed as the rate pressure
product was not significantly different before ischemia
in both groups with 35480 � 5858 mm Hg.min�1 for
the No Arg group and 31073 � 3615 mm Hg.min�1 for
the Arg group. Post-ischemic functional recovery
combined with a 31P magnetic resonance study and a
measure of the endothelial function has been
detailed previously in a similar experimental protocol
(Desrois et al., 2000).

Content of amino acids

A comparison of taurine and main α amino acids be-
fore ischemia and at the end of ischemia with or with-
out L-arginine is shown in Fig. 1A. Tau content was
divided by 3 because of the high concentration of this
compound compared to the other metabolites in this
figure and reached (µmol/g protein) 149.1 � 7 for the

No ischemia, 98 � 8.3 for No Arg and 111 � 11.3 for
Arg groups at the end of ischemia. Ischemic arrest
with the CRMBM cardioplegic solution induced a
significant decrease in glutamine and taurine in both
groups and aspartate in the No Arg group only.
Alanine increased in the two groups. Lysine level was
lower in the Arg group compared with the No Arg
group. The glutamate and arginine concentrations
measured at the end of ischemia contain contributions
from the same amino acids present in the cardioplegic
solution remaining in the extracellular space and the
increase could not be quantified. Ischaemic arrest also
induced a significant decrease in serine and glycine
with no change in asparagine concentration in both
groups.

Variations in amino acid content at the end of
reflow for both groups compared to preischemic val-
ues are presented in Fig. 1B. As previously described,
Tau was divided by 3 and reached (µmol/g protein)
54.2 � 5.3 for the No Arg group and 73.2 � 4.5 for the
Arg group at the end of reflow. Decreases in aspartate,
glutamine and taurine were more pronounced than at
the end of ischemia in No Arg and Arg groups.
Alanine returned to the preischemic level in both
groups. Asparagine was significantly lower in the
two groups. Serine and glycine continued to decrease
in both groups. In the Arg group only, glutamate,
arginine, and lysine remained higher than the
preischemic value. The pool of glutamate, serine,
asparagine, glycine, taurine and arginine was signifi-
cantly higher in the Arg group compared to the No
Arg group at the end of reflow.

Content of adenine nucleotides, PCr and purines

The comparison of adenine nucleotides, PCr and
purines contents before ischemia and at the end of
ischemia in No Arg and Arg groups is presented in
Fig. 2A. At the end of ischemia, there were no differ-
ences between the two groups in the fall of high-
energy phosphate compounds (ATP and PCr), the
reduction in total adenine nucleotides (TAN) and
the accumulation of end product degradation of ad-
enine nucleotides (AMP and purines). No change in
ADP was observed at the end of ischemia in both
groups.

At the end of reflow (Fig. 2B), ATP and PCr in-
creased but remained under the preischemic values,
AMP and purines returned to basal values in both
groups and supplementation of the CRMBM
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cardioplegic solution with L-arginine did not affect the
pool of metabolites.

CK and LDH activities and water content

After 60 min of reflow, a loss of CK was observed in
the No Arg group (8.8 � 0.5 IU/mg protein) compared
with the preischemic value (10.3 � 0.3 IU/mg protein)
(p � 0.019) while no difference was observed in Arg
group (9.2 � 0.3 IU/mg protein) compared to the
preischemic value (p � 0.097); nevertheless there was
no difference between No Arg and Arg groups at the
end of reflow (p � 0.515).

LDH activity was not significantly different in both
groups (3.04 � 0.17 IU/mg protein for the No Arg
group and 3.21 � 0.12 IU/mg protein for the Arg
group) compared to the preischemic value (3.51 �

0.22 IU/mg protein) at the end of reflow. There was no
significant difference for LDH activity between the
two groups at the end of reflow.

At the end of reflow, an increase in water tissue
content was observed compared with the preischemic
value (82.2 � 0.04%) without significant differences
between groups (85.1 � 0.03% and 85.01 � 0.04% for
the No Arg and Arg groups, respectively).

Discussion

The cardioprotective effect of L-arginine is generally
associated with the stimulation of NO production by
increasing substrate availability as decreased synthesis
of NO has been involved in the development of
post-ischemic abnormalities of endothelial function
(Engelman et al., 1995). L-arginine as an amino acid
could also limit the depletion in amino acids associated
to ischemia-reperfusion (Rau et al., 1979).

We show here that long term ischemic arrest with a
preservation solution was associated with a fall in the
intracellular concentrations of several amino acids
and in particular glutamine and taurine as shown also

Fig. 1. A Content of amino acids in freeze-
clamped hearts before ischemia (No
ischemia) and at the end of 8 h of ischemia
with (Arg) or without (No Arg) L-arginine.
B Content of aminoacids in freeze-clamped
hearts before ischemia and at the end of
reflow in Arg and No Arg groups. Results
are expressed as µmol/g protein and are
means � SEM. * vs No ischemia, p � 0.05.
† vs Cont, p � 0.05. Tau concentration was
expressed as divided by 3
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with short ischemic times by others (Suleiman et al.,
1997b). The fall in taurine has been related to trans-
port processes (Suleiman et al., 1997b). Data from
isolated myocytes and perfused guinea pig hearts were
consistent with the presence of a Na�/taurine symport
which would be activated to cause efflux of sodium
and taurine when the concentration of either one
rises above its physiological level (Suleiman et al.,
1992). Changes in the intracellular concentrations of
glutamine are the results of both the metabolism and
transport of this aminoacid. Glutamine may be con-
verted to glutamate since there is a high glutaminase

activity in the heart (Nelson et al., 1994). In addition,
the transport of glutamine may also contribute to the
observed fall in this amino acid (Rennie et al., 1996) as
it exists a glutamine-Na� symport which is able to
reverse during ischemia when Na� increases and then
contributes to take out Na� and glutamine. It has
been well established that during ischemia or hypoxia,
there is a consumption of aspartate and glutamate
(Pisarenko et al., 1987). Metabolism of both amino
acids has been shown to be coupled to anaerobic
energy formation in mitochondria and stimulation
of anaerobic glycolysis (Pisarenko, 1996). Consistent

Fig. 2. A Content of adenine nucleotides, PCr and
purines in freeze-clamped hearts before ischemia
(No ischemia) and at the end of 8 h of ischemia
with (Arg) or without (No Arg) L-arginine. B Con-
tent of adenine nucleotides, PCr and purines in
freeze-clamped hearts before ischemia and at the
end of reflow in Arg and No Arg groups. Results
are expressed as µmol/g of protein and are means
� SEM. TAN, total adenine nucleotides (ATP�

ADP�AMP). * vs No ischemia, p � 0.05
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with these observations, the level of aspartate de-
creased at the end of ischemia in the No Arg group.
A decrease in glutamate is not observed due to the
presence of glutamate in the extracellular space as
the cardioplegic and preservation solution contains
this amino acid. In line with glutamate and aspartate
variations, alanine increased through transaminase
reactions. The loss of serine and glycine has been
previously related to proteolysis (Kennergren et al.,
1999).

Changes in amino acids were also observed during
ischemia when L-arginine was added to the CRMBM
cardioplegic solution but with some differences com-
pared to No Arg group. To explain the protective
effect of L-isomers of arginine, glutamate, ornithine
and aspartate during and following anoxic and
ischemic stresses, Rau et al. (1979) had suggested the
involvement of L-arginine as a substrate of the
transamination steps of the malate-aspartate shuttle
with subsequent stimulation of anaerobic mitochon-
drial metabolism of glutamate and aspartate to succi-
nate. In agreement with this hypothesis, aspartate
level did not fall significantly during ischemia in the
Arg group while it decreased in the No Arg group. The
decrease in lysine in the Arg group is puzzling: lysine is
catabolized to acetyl-CoA but it is unknown why it
would proceed further in presence of L-arginine. The
increase in arginine level measured at the end of
ischemia contains contributions from the same amino
acid present in the cardioplegic solution remaining in
the extracellular space and the increase could not be
quantified.

After reperfusion in the No arg group, aspartate
continued to decrease compared to the end of
ischemia and interestingly, glutamate level was not
depleted compared to No ischemia group. Aspartate
and glutamate may participate to mechanisms which
facilitate the recovery of oxidative metabolism during
reperfusion/reoxygenation: (i) replenishment of tricar-
boxylic cycle intermediates (ii) utilization of succinate
formed during ischemia/hypoxia (iii) recycling of am-
monia excess in glutamine and asparagine synthesis
and (iv) maintenance of ionic homeostasis (Pisarenko,
1996). We had shown in a previous study that the
CRMBM solution containing glutamate limited the
depletion of amino acids compared to other solutions
after 12 h of ischemia followed by 60 minutes of reflow
(Bernard et al., 1999). We show here that after 8 h of
ischemia glutamate level after reflow does not differ
from the preischemic value with the native CRMBM

cardioplegic solution. Alanine returned to the
preischemic value as pyruvate can then be converted
into acetylCoA which integrates into the TCA cycle in
order to produce energy. Taurine and glutamine de-
creased severely at least in part because of participa-
tion of these amino acids in Na� extrusion (Suleiman
et al., 1997b) or in regulatory mechanisms involved to
reduce cell swelling (Song et al., 1998). The loss of
asparagine may be the net result of changes in metabo-
lism, transport and in rate of protein and nucleotide
synthesis and degradation (Suleiman et al., 1995;
Suleiman et al., 1996). The fall in asparagine has been
related to Na� extrusion (Suleiman et al., 1995) simi-
larly to glutamine decrease because the two amino
acids can be carried on the glutamine transporter
(Kilberg et al., 1980). During reflow, decrease in serine
and glycine may be due to the volume regulatory
mechanisms aiming to avoid cell swelling (Song et al.,
1998).

As concern the Arg group after reflow, there was an
increase in glutamate compared to No Arg group but
also to No ischemia group and a better preservation of
taurine and most of amino acids. The increase in gluta-
mate is consistent with a contribution of L-arginine
to the intermediary metabolism which should favor
energy metabolism (Rau et al., 1979). Better preserva-
tion of taurine has several important implications re-
lated to its role in membrane stabilization, calcium
mobilization and maintenance of normal cellular func-
tion (Zemgulis et al., 2001). In Arg group only, lysine
was increased compared with preischemic value. We
hypothetized that, as L-arginine and lysine share the
same plasma-membrane transport mechanism called
system y� (White, 1985), L-arginine may competitively
inhibit lysine transport as it has been described in
vascular smooth muscle cells (Escobales et al., 2000).
More generally in Arg group, there is a higher amino
acids pool which has been associated with higher func-
tional and metabolic recovery (Khogali et al., 1998;
Suleiman et al., 1997b; Svedjeholm et al., 1996). In the
long term, a larger amino acids pool will favor the
resynthesis of nucleotides.

The effect of L-arginine on the pool of amino acids
may be due to direct action but also to indirect action
related to a NO-mediated protective process. NO has
various physiologic properties including vasodilata-
tion, inhibition of platelet aggregation and neutrophil
adhesion, and reduction of free-radical-mediated
injury (Kelly et al., 1996). We hypothetized that
NO supplementation by L-arginine provided also pro-
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tection against cellular injury and limited the loss of
amino acids induced by ischemia and reperfusion. As a
matter of fact, a CK loss in myocardial tissue at the end
of reflow was only observed in No Arg group com-
pared with the preischemic value and shows a fall in
the cellular integrity.

The rationale for giving L-arginine as a NO precur-
sor was in particular based on the hypothesis of a local
L-arginine depletion around cNOS (Huk et al., 1997).
We measured here the total L-arginine pool which was
not significantly depleted in the No Arg group but
providing L-arginine during ischemia increased the
pool in this amino acid even after 60 min of reflow.

There were no differences in the pool of adenine
nucleotides and PCr with or without L-arginine in the
CRMBM cardioplegic solution during ischemia and
reflow. We have shown in a previous study that func-
tional recovery was enhanced during L-arginine sup-
plementation (Desrois et al., 2000). The fact that this
was not associated with a depletion in high energy
phosphates during reflow, as shown in this study, is
representative by itself of a more efficient energy me-
tabolism. Possible mechanisms involve better energy/
contraction coupling and/or better recovery of oxida-
tive phosphorylation related to improved replenish-
ment of tricarboxylic cycle intermediates due to
preservation of amino acid pool.

This study shows that providing L-arginine in the
CRMBM cardioplegic solution during hypothermic
ischemia preserves the aminoacid pool. In addition to
NO-mediated effects, protective role of L-arginine
may be due to the contribution of this amino acid to
intermediary metabolism and/or to the limitation of
the lost of amino acids which play an important role in
metabolic activity and protein synthesis.
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