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Summary: Cardioplegic solutions rich in the hydrophilic, ba- 
sic amino acids, glutamate and aspartate, have enhanced my- 
ocardial preservation and left ventricular function. This has 
been demonstrated in assorted animal preparations involving 
ischemia with and without reperfusion. Published clinical 
data. though limited, strongly support the contention that these 
amino acids have myocardial protective properties. Several 
biochemical mechanisms exist by which certain amino acids 
may attenuate ischemic or reperfusion injury. Glutamate and 
aspartate may become preferred myocardial fuels in the set- 
ting of ischemia. They may also reduce myocardial ammonia 
production and reduce cytoplasmic lactate levels, thereby 
deinhibiting glycolysis. Some amino acids may become sub- 
strate for the citric acid cycle. Glutamate and aspartate also 
move reducing equivalents from cytoplasm to mitochondria 
where they are necessary for oxidative phosphorylation and 
energy generation. A rationale exists for the use of an amino 
acid-rich cardioplegia-like solution in myocardial infarction. 
These solutions are safe and inexpensive. 
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Introduction 

Amino acid supplements have been shown to reduce hy- 
poxic injury in various experimental preparations. The evi- 
dence is strongest for glutamate, fairly strong for aspartate, and 
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circumspect for some other amino acids. Clinical use of amino 
acids in myocardial ischemia has been largely restricted to 
cardioplegia solutions, although the potential for other appli- 
cations exists. The rationale for cardioplegia is to attenuate the 
myocardial injuries occurring with ischemia and subsequent 
reperfusion, which are obligatory in cardiac bypass. These 
same insults to the heart occur with acute myocardial infarc- 
tion which is treated with fibrinolytic therapy or primary an- 
gioplasty. The chemical structures of glutamate and aspartate 
are shown in Figure 1. 

Myocardial Amino Acid Metabolism 

In an aerobic environment, amino acid oxidation accounts 
for < 5% of energy production, although there is considerable 
variation depending on substrate availability. I L-glutamate is 
the only amino acid that is extracted by normal myocardium 
while alanine and glutamine are produced.? In ischemia and 
reperfusion, glutamate and aspartate become preferential fu- 
els. In the first 4 h following cardiopulmonary bypass, the 
heart does not use carbohydrate or lipid SUbStrdteS but does 
take up amino acids, chiefly glutamate.3 In the setting of hy- 
poxia, cardiac consumption of glutamate and aspartate in- 
creases and their tissue levels fall while production of alanine 
increases:, Isolated rat heart preparations exposed to global 
ischemia show an initial increase in glutamate and malate oxi- 
dation rates attributed to an increase in the capacity for re- 
duced nicotinamide dehydrogenase (NADH) oxidation.6 Rab- 
bit heart preparations exposed to anoxia with a glutamate- 
enriched buffer demonstrate increased oxygen consumption 
and energy generation that occur because of increased oxida- 
tion of glutamate to ~uccinate.~ Myocardial alanine production 
and consumption of glutamate appear to be linked and are in- 
versely proportional to the availability of oxygen. In patients 
undergoing cardiac catheterization, those with coronary artery 
disease take up more glutamate and release more alanine than 
those with normal coronary arteries.8s9 These differences are 
exaggerated with pacing stress. Magnetic resonance studie\ in 
normal controls and patients with coronary artery disease have 
also shown augmented extraction efficiency for glutamate in 
the setting of flow reduction. lo  Tissue levels of succinate and 
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alanine, which are the anaerobic end products of glutamate 
and aspartate metabolism. increase in hypoxic injury.J, 
Skeletal muscle from diving vertebrates is extremely iich 
in  aspartate aminotransferase and alanine aminotransferase, 
leading to the hypothesis that these animals rely on anaerobic 
metabolism ofglutaniate and aspartate.' '-I5 

Mechanisms of Potential Benefit 

Several ditferent mechanisms exist by which glutamate 
niight protect against hypoxia (Table I). It does not have sig- 
ni ticant effects on hemodynamic parameters, although small 
increases in cardiac output as well iis decreases in vascular re- 
sistances and heart rate have been observed.'" Glutamate 
stimulates insulin secretion and gIuconeogenesis.I7 GIuta- 
milk is essential for the function of the rnalate-aspartate shut- 
tle (Fig. 2 ) .  The malate-aspartate shuttle eff'ectively moves re- 
ducing equivalents (NADH) from the cytoplasm to the mito- 
chondrial matrix where they enter the respiratory chain gener- 

'I: Increased tlux through malate-aspartate shuttle 
'Ii Decreased myocardial ammonia production 
'!: Increased alpha-ketoglutarate famation leading to adenosine 

triphosphatase production in citric acid cycle 
:': Decreased lactate levels by shunting pyruvate to alanine 

ating adenosine triphosphatase (ATP). At the same time, cyto- 
plasmic NAD is regenerated permitting glycolysis to contin- 
ue. Exogenous glutamate in isolated rat hearts has increased 
transport of NADH into mitochondria while improving gly- 
colysis rates it1 a postischemic model.Ix Glutamate and pyru- 
vate may undergo transamination, wherein the amino group 
of glutamate is exchanged for the keto moiety of pyruvate 
forming alpha-ketoglutarate and alanine. There is at least the- 
oretical benefit to this in anaerobic conditions since lactate is a 
potent inhibitor of glycolysis. Myocardial ischemia results in 
the accumulation of free ammonia which inhibits a number of 
metabolic reactions.19, Glutamate decreases myocardial 
ammonia formation and enhances production of glutamine. 

Glutamate may also undergo transformation to interme- 
diates in the citric acid cycle. Levels of these intermediate 
substances decrease noiinally in ischemia. As the endoge- 
nous citric acid cycle intermediates are depleted in ischemia, 
oxidative phosphorylation may be less efficient when oxy- 
gen is restored (repetl'usion). Adding amino acid precur- 
sors-r citiic acid cycle intermediates-counteracts their 
depletion and has improved postischemic myocardial metab- 
olism, including the function of complex I of the respiratory 

of glutamate, may be converted to succinate and ATP without 
molecular oxygen. Alpha-ketoglutarate may also participate 
in  an aminotransferase reaction, with aspartate generating 
oxaloacetate which is metabolized through malate and fu- 
marate to succinate with the generation of ATP. These two 
reactions, alpha-ketoglutarate dehydrogenase and fumarate 

' -- '' Alpha-ketoglutarate, the transamination product 

Mitochondria1 

NADH NAD 

NAD NADH 

Fic i .  2 Malate-aspartate shuttle. NADH = reduced nicotinaniide-adenine dinucleotide. NAD = nicotinaniide-adenine dinucleotide. 
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reductuse. are in  redox balance and lead to succinate produc- 
tion mci substrate level phosphorylation in the citric acid cy- 
cle. The aminotransferase inhibitor, aininooxyacetic acid. 
eliminates glutamate consumption and alanine accumulation 
in hypoxic animal models.4~'3.23This suggests that the mech- 
nnisin of action of exogenous glutamate is by intermediary 
metabolism in the citric acid cycle. Although subject to less 
study, exogenous aspartate may also undergo anaerobic con- 
version to succinate, generating ATP independent of the res- 
piratoiy c hai ti. 

Anti-Ischemic Properties-Animal Data 

In isolated perfused animal hearts subjected to periods of 
anoxia, glutamate has attenuated injury and preserved me- 
chanical function. Penney and Cascarano reported improved 
contractile function and maintenance oftissue levels ofglyco- 
gen and ATP when rat hearts were anoxically perfused with a 
fumarate. mulate. glutamate solution as opposed to glucose.2s 
A companible benefit was achieved with oxaloacetate and 
alpha-ketciglutarate. Both amino acid solutions stimulated 
glucose uptake and lactate wtpiit. but the energy expenditure 
per unit of  lactate was increased. 

Rail r t  N/ .  used an amino acid solution containing the L- 
isoniers of glutatmate, aspaitate. arginine, and ornithine to 
augment the mechanical performance of isolated rabbit 
hearts.'? Benefits were apparent during hypoxia and were 
nioi-e marked upon reperfusion. The addition of glutamate to 
cardioplegia. given to isolated working rat hearts subjected 
to 30 min ol'cardiaic arrest. resulted in marked preservation 
of the cardiac output upon reperfiision.16 This study by Pisa- 
renko o r  d. also thund that glutamate decreased the decline in  
tissue high-energy phosphates and in tissue aspartate while 
reclucing the accumulation of AMP and ammonia. Both glu- 
ttitnate and aspartate reduced myocardial necrosis assessed 
ewyinatically and by histopathology in rats treated with tox- 
ic closes otisoprotere~ioI.?~ 

Hitt l  ;ind Shine have also repoited salutary effttcts ofgluta- 
mate on the isolatcd rabbit heart subjected to 30 niin of is- 
chemia liilowccl by 30 min of reperfusion.2x Clutainate sig- 
nilicnntly improved peak left ventricular (LV) pressure fol- 
lowing niutlerate. severe, and total ischemia. Myocardial oxy- 
gen consuinption was not nltered, suggesting the beneiits of 
glutamate were through an anaerobic pathway. 

Striking benefits to ;I metabolic cocktail consisting ofglu- 
lamate. aspai-tate, glucose, insulin, potassium, carnitine, cata- 
lase, oncl niercaptoplwpionyl glycine were noted by Julia c't 
r r / .L"  In this study, immature puppies received metabolic sup- 
port prior to and during hypoxia while on bypass. The nietab- 
olic support group maintained myocardial levels of glutamate 
and nspartate. The control animals showed a severe reduction 
in stroke work index, developed metabolic acidosis. and were 
prone t o  circulatory collapse, while the metabolic support 
group experienced none of these problems. 

Lazar L'I I / / .  have documented similar benefits to reperfir- 
sion with glutamate.30 Dogs undergoing 15 min ofnormother- 

inic m e s t  followed by 30 niin of reperfusion clcnionstriited 
high oxygen uptakes. less loss of tissue ATP. and inore con- 
plete recovery of systolic and diastolic function whcn 36 
tninol/l L-glutamate was added to the reperfiisate. I n  ;inother 
study, the same authors showed that by reaixsting the postis- 
chemic dog heart with a blood cardioplegia solution contnin- 
ing L-glutamate, there were significant improvements in 
subendocardial coronary blood flow, oxygen uptake, stroke 
work index, and LV relaxation.3' 

In sequential experiments, Rosenkranz (11 rrl. found signifi- 
cant advantages to cardioplegic solutions containing glutamate 
and aspartate.32.33 Dogs were exposed to 45 niin of global nor- 
motherniic ischemia to deplete subendocardial energy re- 
serves, reperfused for 30 min, and then exposed to 2 h of aortic 
cross-clamping with either cold cardioplegia or norniothermic 
cardioplegia enriched with 26 minol/l L-glutamate followed 
by reperfusion? The glutamate-treated animals deinonstratccl 
improved oxygen uptake i d  lactate extraction a s  well iis e11- 

hanced stroke work index and lower left ntrinl pressure cluring 
reperfusion. These authors found further benefit when aspar- 
tate and glutamate were combined in the curdioplegic solu- 
tion.33 I n  this experiment, dogs were again exposed to 2 h of 
aortic clamping followed by reperfusion. The aspartate plus 
glutamate treatment resulted in substantial iniprovcnients 
in oxygen uptake, stroke work index, and left atrinl presstire. 
The combination of aspaitate plus glutamate was significaiilly 
better than glutamate alone, which was better than multidose 
blood cardioplegia. In a pig model of a reperfiised anterior my- 
ocardial infarct, systemic infusion of glutmate and aspartate 
prior to reperfusion resulted in  a 38% reduction i n  infarct 
size." Wall motion in the infarct zone was improved with 
high-dose ( 1  3 nimol/l) but not low-dose (3 niniol/l) glutu- 
rnate/aspartate. Myocardial oxygen consumption in  reperfu- 
sion was increased in the treated animals. although lactate up- 
take and glucose extraction did not change significantly. 

Beyersdorf et a/. have shown that metabolic stipport with 
glutamate, aspaitate. glucose, insulin, potassi tiin, coen/ynic 
Q 10, and 2-niercapto-propionyl-glyciiie improves ventricular 
function in myocardium remote from the acitte infarct." In 
this experiment, the left anterior descending artery of clogs 
was completely occluded and a 5096 stenohis was creiited i n  
the circumflex artery. After 2 I i  of ischemia, the study aninids 
received 4 h of substrate infusion. The iintreatecl clogs show- 
ed severe hypocontractility of their posterior wall (38% ot' 
control systolic shortening) while the clogs treated with the 
metabolic solution had hypercontractility in the posterior wnll 
relative to preischemia. Three of nine control unimals died, 
with the others developing severe impairment in systolic 
function; however. the treated animals maintained ;I stroke 
work index 91 76 of the baseline value. Metabolic therapy also 
prevented reductions in ATP and creatine phosphate i n  cir- 
cumflex territory myocardiu in. 

Glutmate added to glucose and insulin iinproved poxt- 
ischemic oxygen consumption and reduced lactate produc- 
tion in explanted sheep hearts subjected to 8 h of hypoxia, 
suggesting that glutamate may be beneficial in transplant ot- 
gan preservation.3o 
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Anti-Ischemic Properties-Clinical Results 

Clinical trials of glutamate and aspartate are few but favor- 
able. Kjellinan et ul. have reported beneficial effects with al- 
pha-ketoglutarate (28 g) used as a supplement to cardioplegia 
in men undergoing aortocoronary bypass surgery" In a ran- 
domized trial of 24 patients, those treated with alpha-ketoglu- 
tarate had reduced release of CK-MB a id  troponin T, as well 
as ultimately reduced lactate release. Robertson rt (11. could 
not demonstrate any benefit fbr glutamate-enriched blood car- 
dioplegia as opposed to multi-dose potassium blood cardio- 
plegia without glutamate.38 However, in this small study both 
cardioplegia solutions offered nearly complete preservation of 
coronary flow. LV compliance. and LV systolic function. Pisa- 
renko er (11. found a significant improvement in cardiac index 
and stroke volume index with a tendency to lower filling pres- 
sures when I0 postoperative patients with cardiac failure were 
treated with a 15 min infusion of L-glutamate. '') Thomassen 
et Lil. examined the effects of glutamate in 20 patients with sta- 
ble angina, each of whom underwent four exercise tests.jY 
Both oral and intravenous glutamate significantly increased 
exercise duration and delayed the onset of ST depression. 
Glutamate also resulted in a I 5-50% reduction in plasma free 
fatty acid levels before, during. and after exercise. The same 
group found benefits to intravenous glutamate ( 12-25 mg/kg) 
in stable angina patients undergoing increased pacing4' Glut- 
amate increased pacing time until the onset of angina by over 
50%. significantly decreased ST-segment depression after pa- 
cing, and decreased myocardial lactate release by 50%. 

Svedjeholm er u1. have described 16 patients with immedi- 
ate postoperative cardiogenic shock treated with glutamate 
and glucose-insulin-potassium (GIK) with favorable results."' 
These patients were treated with a 0. 125 mmol/l glutamate so- 
lution infused at 65 cc/kg/l in addition to high-dose GIK. 
Three patients also received aspartate. Three patients who 
failed to respond rapidly received intra-aortic balloon pumps 
but could not be weaned from cardiopulmonary bypass. The 
remaining I3 showed rapid improvement in cardiac index, 
were weaned from bypass, and survived. In this report, the 
metabolic solution was given to patients on cardiopulmonary 
bypass. A more striking result of the same technique applied 
to perioperative patients with cardiac arrest has been reported 
by Beyersdorfeful.42 They treated I4 patients with witnessed 
cardiac arrest ( I  1 postoperative and 3 in the cardiac catheteri- 
zation laboratory) by instituting cardiopulmonary bypass and 
infusing a warm blood cardioplegia solution enriched with 
hypertonic glucose and high-dose glutamate and aspartate (1 3 
nimoV1 each). Prior to institution of bypass, these patients un- 
derwent unsuccessful conventional resuscitation attempts for 
a mean of 59 min. Following 20 min of bypass, spontaneous 
resumption of sinus rhythm occurred in 1 1  and the other 3 
could be paced. Of this group, 3 patients died prior to dis- 
charge but 11 went on to long-term survival. Given the dura- 
tion and nature of the arrests (refractory ventricular fibrilla- 
tion. electromechanical dissociation, or ventricular fibrillation 
progressing to electromechanical dissociation), these results 
are stunning. Extrapolation of these benefits to other scen'arios 

not involving cardiopulmonary bypass is impossible at this 
time but worthy of further research. 

Tolerability, Sequelae, and Cautions 

When given intravenously or orally, glutamate and aspar- 
tate appear well tolerated and safe. No heniodynamic changes 
or adverse effects were reported with intravenous boluses of 
monosodium glutamate in doses of I .2 and 2.5 mg/kg.40 Both 
glutamate and aspartate are constituents of most amino acid 
hyperalimenation solutions. Monosodium glutaniate is felt to 
be responsible for the so-called Chinese Restaurant Syndrome 
consisting of paresthesias and chest discomfort. A more sig- 
nificant but unproven concern about glutamate and aspartate is 
their role as excitatory neurotransmitters. Limited data have 
suggested that in the setting of cerebral ischemia glutamate 
may be neurotoxic and that glutanate antagonists may attenu- 
ate neurologic While studies showing protective 
effects of glutamate and aspartate in cardioplegia have been 
cited, it must be acknowledged that there is no consensus on 
the ingredients of a cardioplegia solution. 
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