
Alterations of Myocardial Amino Acid Metabolism in

Chronic Ischemic Heart Disease

GILBERT H. MUDGE,JR., ROGERM. MILLS, JR., HEINRICH TAEGTMEYER,
RICHARDGORLIN, and MICHAEL LESCH

From the Cardiovascular Division, Department of Medicine, Peter Bent Brigham Hospital,
Harvard Medical School, Boston, Massachusetts 02115

A B S T R AC T Arteriovenous differences (A-V) of all
naturally occurring amino acids, lactate, and oxygen
were measured simultaneously with coronary sinus
blood flow (CSBF) in 8 normal subjects and 11 pa-
tients with coronary artery disease at rest and during
pacing stress. Mean values for CSBF and myocardial
oxygen consumptions (MVO2) for the two groups were
similar at rest and during pacing, although mean
CSBFand MVO2increased significantly in both groups
in the paced as compared to the rest state.

Alaninie (ala) was the only amino acid released by
the myocardium, while only glutamic acid (glu) demon-
strated uptake. Mean A-V ala was negative at rest
in the control and coronary disease groups (-4.8±3.8
vs. -22.0±3.0 nmol/ml, respectively), but was signifi-
cantly more negative in the coronary group (P < 0.001)
and not statistically different than zero in the normals.
A-V ala became significantly negative with pacing in
the normals (-10.0±4.3 nmol/ml), remained un-
changed in the coronary group (-23.0±2.9 nmol/ml),
and was significantly more negative in the coronary
group (P < 0.05). Calculation of data on the basis of
net ala flux ([A-V] x [CSBF x hematocrit]) yielded
similar results as that obtained with A-V differences.

A-V glu was significantly positive in normals (27.7
±8.9 nmol/ml, P < 0.01) and coronary patients (59.9
±8.9 nmol/ml, P < 0.01) at rest but significantly greater
in the latter group (P < 0.001). With pacing, A-V glu
remained significantly greater than zero in coronary
patients (35.3±6.3 nmol/ml) and decreased to zero in the
normals (4.3±11.8 nmol/ml). Calculation of net glu flux
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(nmol/min) at rest yielded data similar to that based on
A-V difference. With pacing, net gltu fluix in the coronary
patients did not decrease due to the augmentation of
CSBF.

No relation between A-V glu or ala and CSBF,
MVO2, or A-V lactate was noted. The data demonstrate
that specific alterations of myocardial amino acid
metabolism characterize patients with chronic
ischemic heart disease.

INTRODUCTION

Transaminase reactions which catalyze the coniversion
of pyruvate to alanine and a-ketoglutarate to glu-
tamic acid are recognized as major metabolic branch
points linking amino acid and carbohydrate metab-
olism (1,2). Alanine, glutamine, and glutamic acid are
the only amino acids either taken up (glutamate) or
released (alanine and glutamine) by human skeletal
muscle (3-5) and thus appear to possess unique
metabolic roles in normal oxygenated striated muscle.
Pyruvate has been identified as the probable source
of the three carbon fragment from which alanine
is produced in human skeletal muscle, and glutamic
acid has been postulated as the source of aminio
nitrogen for the transamination reaction (6-9).

Evidence suggesting a central metabolic function
for alanine and glutamic acid in oxygen-deprived tissue
comes from studies which demonstrate alaniine ac-
cumulation (7, 10-14) and glutamate depletion (10,
13-15) during periods of anaerobic metabolism in
mammalian tissue.

These observations, suggesting the hypothesis that
chronic or repetitive bouts of myocardial ischemia
may induce alterations in myocardial amino acid
metabolism, prompted the present investigation. In
this study, amino acid flux across the normal and is-
chemic human heart was studied at rest and during
pacing. The data obtainied demon-strate that specific
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TABLE I
Clitnical Data

Pi'tieuit hio. Di.dghiosis Age Sex

1 Normnal 46 NI
2 Normnal 48 NI
3 Normnal 43 F
4 Normal 36 NI
5 Normiial 49 F
6 Normlal 34 F
7 Normal 51 F
8 Normnal 60 F

9 2 VD 46 NI
10* 3 VD 63 NI
11* 3 VD 58 F
12* 2 VD 61 NI
13* 3 VD 39 NI
14 2 VD 38 NI
15 Isolated LAD 46 NI
16* 2 VD 48 M
17* 3 VD 45 F
18* Isolated LCF 52 Ni
19 2 VD 55 1I

Salient clinical dlata describiing the 8 niormal (nos. 1-8) and
11 coronary disease patieints (nos. 9-19) are tabldated.
Abbreviations uised in the coroniary groupl) deenote the arterio-
graphic diagniosis, with LADand LCF referrinig to left anterior
desceniding and left circutmiiflex artery, respectively, anid 2
VD or 3 VD indicating two or three vessel disease.
* Patients who developed aniginia with pxacing stress.

alterations of glutamate anid alanine flux characterize
the heart of patients with chronic coronary artery dis-
ease in both the rest and paced state. The fact
that these differences were founid at rest anid niot
only during pacinig induced ischemia suggests that
chroniic and (or) repetitive episodes of myocardial
ischemia may induce specific adaptationis of myyocardial
amino acid metabolism.

METHODS

Patienit selectiont. 18 patieints with chest pain synidromes
who were to undergo routine diagnostic catheterization and
angiography constituted the study group. Informed consent
was obtained from all. Patients with diabetes mellitus or
those receiving digitalis glycosides were excluded.

Stuidiy protocol. Studies were performed after an over-
night fast. The study protocol was initiated before diag-
nostic catheterization and angiography, since wide fluctua-
tion in the plasma level of numerous amino acids was
found after the intracardiac injection of angiographic dye.
An arterial catheter was introduced percutaneously into either
a brachial or femoral artery and a thermodilution pacing
catheter, as described by Ganz et al. (16), was placed in
the coronary sinus via a venous cutdown in the left ante-
cubital fossa. The position of the thermiiodilutioni catheter

was maintained constanit throughout the studY period as
determined by fluoroscopv.

With the patienit in the restinig state, coronary sinutis b11o0
flow was measured with thermodilutioni techllli(que, anid
arterial and coronary venous samples were concurrenitly
drawn for oxygen, lactate, anid amino acid anialvsis. Coro-
narv sinus pacing was theni initiated and the pacing rate
increased incrementally until anginia pectoris or atrioven-
tricular block occurred or a rate of 140 beats/mim was
obtained. Pacing was continued for 3 min oncie at pacinig
end point had been reached, coronary sinlUs blood flow
again measured, and transmyocardial b)lood samilples
drawn for repeat oxygen, lactate, anid amliino aci(d analysis
while the paced rate was maintainie(d for anl additional
60-90 s.

Biochetinical deter-iniiationts. Lactate anid oxygeni deter-
minations were performed with previously described tecXh-
niques (17, 18). Arterial and venouis b)1oo1 was collected in
heparinized syringes for aminio acid analysis. The heparinized
samples were immediately placed into ice and cenitrifuged
at 2,000g for 15 min at 4°C within 30 min of collectiol.
The plasma was decanted and plasmaIproteins precipitatedl
by the addition of crystalline sulfosalicylic acid to a finial
concentration of 5% (wt/vol). The acidified plasmna was
centrifuged at 4,000 g for 20 mim at 4°C to sedimiienit the
precipitated protein. The protein-free plasmla extract was
quickly frozen, stored at -20°C, anid analvzed for amino
acid content within 14 days.

The content of acidic, neutral, andl basic aminio acids
was quantitatively determined by the method of Steini and
Moore (19) as modified by Benson and Patterson (20). Anal-
yses were performed on two columns with a Beckiman 119
Automiiatic Amino Acid Anialyzer (Beckmiiani Instr-umiiienits,
Inc., Fullerton, Calif.) usinlg a sodium citrate buffer system.
Internal standards were used in each samllple anid consisted
oni norleucine or a-aminio, 3-guanidino proprioniic acid for
the acidic-neutral anid basic amnino acids, respectively. Datt
for glutamine anid asparaginie are not reported because these
compounds are not adequately separated by the methl-
odology employed.

The glutamic acid conitent of acidified proteini free plasmiia
is known to increase slowly with time in the frozeni state
due to the deamidation of glutamine (19). Pozefsky anid Tani-
credi (9) have demonstrated that if chromatography of a
corresponding arterial and venous sample are performed on
the same day, no significant error in calculated arterioveniouis
differences for glutamate is initroduced due the the deamida-
tion because the conversioni rate for 1)oth arterial and( venouis
samples is identical. To confirm this observation, two sets of
arterial and venious bloods were chromatographe(d onl three
separate occasions 1 mo apart in our laboratory. Absolute
glutamate levels increased as expected, but the calculated
arteriovenous difference did not chanige significantly with
time.

Statistical a nalysis. Data were anialyzed withl Stu-
dent's t test (21). The t test for nonipaired variables was
utilized when comparinig intergroup differences while data
comparing rest and pace values withini a sinigle group were
analyzed with the t test for paired variables.

RESULTS

Cliniical data. Table I describes the salient clinical
features of the subjects studied. 8 patients were found
to have normal coronary anatomy aind 11 patienits had
severe coronary disease. The normial subjects ranged
in age from 34 to 64 yr with a mean age of 45.8 yr
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TABLE II
Individtual and Mean Values for CSBF, MVO2, and Arterioveniotus Lactate

Values in Normal and Coronary Disease Patienits

Arterioxvenionis
CSBF NI\102 latet.te differen'ce

Patieint
Grolp) no. R P R P R P

1m1111i/,i millmiml n,mo/lliitc'r

Normal 1 90 118 10.8 13.2
2 97 200 12.5 23.1 +.23 +.16
3 134 157 9.6 11.2 +.08 +.17
4 166 212 22.3 26.3 +.24 +.23
5 107 156 8.7 12.8 +12 +.16
6 164 219 17.2 20.2 .00 +.01
7 100 116 13.3 15.4 +.03 .00
8 130 156 -

Mean 124 167 13.5 17.5 +0.11 +0.12
±SEM ±11 +±14 + 1.8 +2.2 +0.04 +0.04

Coronary 9 75 167 7.41 16.5 +0.02 -0.04
disease 10 179 206 24.2 27.6 +0.18 -0.05
patients 11 152 134 16.3 14.6 -0.22 0.00

12 92 128 10.0 14.0 0.00 -0.13
13 78 205 7.0 18.7 +0.09 -0.18
14 169 180 18.8 18.4 +0.07 +0.17
15 193 182 20.8 18.2 +0.11 +0.11
16 131 179 14.1 21.5 +0.28 -0.19
17 194 262 23.5 31.5 +0.22 -0.08
18 89 219 10.4 20.5 +0.03 +0.04
19 46 111 5.7 13.1 0.00 0.00

Mean 127 179 14.4 19.5 +0.08 -0.01
+SEM + 16 ± 13 +2.0 +±1.7 +0.04 +0.04

Individual and mean±+SEM values for coronary sinus blood flow, myocardial
oxygen consumption, and arteriovenous lactate values in normal and coronary
disease patients are tabulated for the rested (R) and paced (P) state. The mean
coronary sinus blood flow noted at rest or during pacing in the normals (nos. 1-8)
did not differ significantly from that noted in the coronary group (nos. 9-19). The
increment in coronary sinus blood flow noted in each group with pacing was sig-
nificant (P < 0.01). Mean myocardial oxygen consumption during pacing in the
normals (nos. 1-8) did not differ significantly from that noted in the coronary group
(nos. 9-19). The increment in myocardial oxygen consumption noted in each group
with pacing was significant (P < 0.01).

and the coronary artery disease group ranged from 38
to 63 yr with a mean of 49.2 yr. A preponderance
of females (62.5%) was noted in the normal group,
while only 18% of the coronary disease group was
female. All patients in the coronary disease group had
major obstructive lesions (>75% occlusion) in two or
three vessels, except two patients each with isolated
disease confined to the left anterior descending or
left circumflex coronary artery. Patients with dis-
ease isolated to the right coronary artery were ex-
cluded from the study. Seven patients with coronary
disease experienced angina with pacing. In the four
patients with coronary disease who did not experience

angina with pacing tachycardia, heart block developed
at pacing rates ranging from 107 to 133.

Coronary sinus blood flow, myocardial oxygetn con-
sumption, and lactate metabolism. Coronary sinus
blood flow (CSBF),1 myocardial oxygen consumption
(MVO2), and myocardial arteriovenous lactate dif-
ferences at rest and during pacing in both patient
groups are summarized in Table II. Measurement
of total coronary blood flow or MVO., did not distin-
guish the coronary artery disease group from the nor-

'Abbreviations used in this paper: CSBF, coronary sinus
blood flow; MVO2, myocardial oxygen consumptions.
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TABLE III
Mean Transmyocardial Arteriovenous Amino Acid
Differences (nmollml) at Rest and during Pacing

Normiials Coronary arterv disease

Amino acid Rest Pace Rest Pace

Threonine + 1.86±0.9 -4.3±2.6 -1.1±2.4 -3.8±1.5
Serinie -1.4±1.9 -1.7±4.8 +5.5±5.1 -0.5±3.9
Proline .0±1.0 0±3.9 -6.4±11.4 0.0±6.8
GlCitamic acid +27.7±8.9* +4.3±1.8 +59.0±8.9* +35.3±6.3*
Citrtmlline +2.7±0.9 -1.1±2.2 +0.2±1.3 - 1.8± 1.8
Glycine +6.4±2.7 -1.9±3.5 -0.7±3.8 -4.9±4.0
Alanine -4.8±3.8 -10.0±4.31 -22.0 +3. 0* -23.6±3.0*
Valine +5.1±4.0 +0.6±3.3 -1.4±4.2 -10.5±6.0
l/2 Cystine +0.7±4.6 -8.8±5.5 +5.8±6.t) -0.7±2.0
Methionine -0.4±0.3 -2.0±1.0 -1.8±0.5 +0.4±0.5
Isoleticinie -0.4±1.2 -1.7± 1.9 +0.7±2.t) + 1.5±1.1
Lenicine +6.7±10.0 +0.6±3.1 + 13.2±5.1 +3.0±3.4
Tyrosinie -().3±1.5 -4.9±2.3 -1.4± 1.8 -1.0±1.1
Pheniylalaninle -1.1±0.4 -2.0± 1.4 +4.t)+4.1 - 1.0±1.0
Lvsine -4.0±3.0 -4.0±3.0 -9.0±5.0 +4.0±5.0
Histidine -3.0±1.0 -3.0±1.0 + 1.0±1.0 + 1.0±2.0
Argininie -3.6±1.7 -3.2±1.4 -1.7±2.0 -0.4±4.0
Ornithinie + 1.7±1.3 -0.6±1.0 +3.1±1.0 +2.1±1.2

Mean transmyocardial arteriovenotus differeniees for 18 amiiino acids in the
rested and paced state in the 8 normiial stubjects anid 11 patients with coronary
arteiy disease are tabthlated. In the niormal patients valtues significantly different
than zero were fotund only for: * gItatmic acid at rest (P < 0.001) and I alaniine
dturing pacinig (P < 0.01). In the coronary grouip valtues significantly different
thani zero wvere fouind for gltutamic atcid atnd alaninie in botlh states (P < 0.001)
as denote(d by (*). All other valuies are not signiificantly (lifferenit thani zero.

mal controls with mean values for both measure-
ments being statistically identical in the rest and paced
state. Mean values for CSBF and MVO2 increased
significantly in both groups with pacing.

Mean values for arteriovenous lactate differences
were positive, indicating lactate extraction at rest
and during pacing for the normal patients. Mean lac-
tate values for the coronary group indicated extrac-
tion at rest (+0.08+0.04 nmol/ml) and production with
pacing (-0.01+0.04 nmol/ml), although this pattern
was not uniform within the group.

Transmyocardial amino acid arteriovenous differ-
ences. Mean transmyocardial arteriovenous dif-
ferences for the basic, acidic, and neutral amino acids
in the normal and coronary artery disease groups at
rest and during pacing are tabulated in Table III.
Values statistically different than zero, indicating
either net myocardial uptake or release of a specific
amino acid, were found only for alanine and glutamic
acid in both groups. No other amino acid was taken
up or released by the normal or diseased myocardium
in significant amounts.

Comparative patterns of alanine metabolism in
normal and coronary artery disease groups. Indi-
vidual values for transmyocardial alanine arterio-
venous difference (nanomoles per milliliter) and net
flux (arteriovenous difference x coronary sinus plasma
flow nanomoles per minute) for all subjects are pre-

sented in Table IV. Although the mean arteriovenous
difference at rest for the normal group was negative
(-4.8±3.8 nmollml), this did not differ significantly
from zero, with negative values being recorded in five
patients and positive values in the remaining three. In
the coronary group, in contrast, all resting values for
alanine arteriovenous difference were negative (range
-6.0 to -38.0 nmol/ml) with the mean value of -22.0
+3.0 nmol/ml differing significantly from zero (P
< 0.001).

With pacing, no significant change in the arterio-
venous difference for the coronary group was noted
(-22.0±3.0 vs. -23.0±2.9 nmol/ml), whereas the nor-
mal group reverted from no significant uptake or re-
lease at rest (-4.8±3.0 nmol/ml) to significant release
(- 10.0±4.3 nmol/ml, P <0.05). Although significant
release of alanine was documented during the paced
state in the normal group, the difference between the
arteriovenous values in the rest and paced state was
not statistically significant in this group.

Calculation of net flux data produced results similar
to that obtained with arteriovenous differences. The
coronary group released significant amounts of alanine
at rest (-1,490±350 nmol/min, P < 0.001) and during
pacing (-2,320±410 nmol/min, P < 0.001), although
the paced and rest values did not differ statistically.
The normal group showed no net flux at rest (-439
±490 nmol/min), a significant negative flux (-1,101
±470 nmol/min) during pacing, but no significant dif-
ference between rest and paced states.

Significantly greater alanine release was noted
in the coronary group as compared to normals at
rest and during pacing regardless if calculated as
arteriovenous difference or net flux (Table IV). Al-
though net alanine release (expressed in nanomoles
per minute) appeared to increase in both groups with
pacing, the increments did not achieve statistical sig-
nificance in either.

Comparative patterns of glutamic acid metab-
olism in normal and coronary artery disease groups.
Transmyocardial glutamic acid arteriovenous differ-
ences (nanomoles per milliliter) and values for net flux
(nanomoles per minute) are presented in Table IV. The
mean arteriovenous difference for the normal group
at rest (27.7±8.0 nmol/ml) was significantly positive (P
< 0.01), although one patient demonstrated glutamate
release and a wide range of positive values was
found in the remaining patients (+9 to +67 nmol/ml).
During pacing, the arteriovenous difference for gluta-
mate decreased or became more negative in each
normal subject, with three patients converting from
uptake at rest to release with pacing. The decrease
in mean arteriovenous glutamate differences for the
normal group during pacing was of statistical signifi-
cance (P < 0.005) and of sufficient magnitude that the
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TABLE IV
Individual and Mean Values for Transmyocardial Arteriovenous Alanine and Glutamic Acid Differences and Net

Transmyocardial Alanine and Glutamic Acid Flux in Normal and Coronary Disease Patients

Arteriovenous
Arteriovenous Net transmyocardial glutamic Net transmyocardial

alanine difference alanine flux acid difference glutamic acid flux
Patient

Group no. R P R P R P R P

nmol/ml nmollmin nmollml nmol/min

Normal 1 +11.0 +8.0 550 520 +67.0 +58.0 3,350 3,770
2 + 1.0 -30.0 53 -3,300 +22.0 -44.0 1,170 -4,840
3 +9.0 +4.0 783 408 -20.0 -30.0 -1,740 -3,060
4 -27.0 -12.0 -2,565 -1,450 +9.0 - 1.0 855 -121
5 -5.0 -21.0 -340 -2,100 +14.0 -14.0 952 -140
6 -12.0 -8.0 -1,260 -1,120 +38.0 +27.0 3,990 3,780
7 -6.9 -13.0 -427 -920 +58.0 +11.0 3,540 781
8 -4.0 -9.0 -312 -850 +44.0 +28.0 3,430 2.630

Mean -4.8 -10.0 -439 -1,100 27.7 4.3 1,940 193
SEM ±3.8 +4.3 ±490 +470 ±8.9 ±11.8 ±745 ±1,003

Coronary 9 -22.0 -17.0 -1,030 -1,770 +67.0 +27.0 3,150 2,810
disease 10 -13.0 -35.0 -1,240 -3,820 +65.0 +47.0 6,180 5,120
patients 11 -22.0 -34.0 -1,830 -2,690 +111.0 +59.0 9,210 4,660

12 -6.0 -26.0 -306 -1,820 +6.0 -12.0 306 -840
13 -21.0 -14.0 -861 -1,500 +33.0 +6.0 1,350 642
14 -31.0 -11.0 -2,980 -1,130 +48.0 +40.0 4,610 4,120
15 -29.0 -33.0 -638 -3,760 +84.0 +52.0 10,300 5,930
16 -33.0 -11.0 -2,380 -1,080 +64.0 +35.0 4,610 3,430
17 -38.0 -17.0 -3,760 -2,280 +67.0 +45.0 6,630 6,030
18 -21.0 -40.0 -1,180 -5,520 +82.0 +40.0 4,590 5,520
19 -9.0 -17.0 -240 -1,120 +25.0 +22.0 675 1,450

Mean -22.0 -23.0 -1,490 -2,320 59.0 35.3 4,687 3,534
SEM ±3.0 ±2.9 ±350 ±470 +8.9 ±6.3 ± 1,030 +723

Individual and mean±SEMvalues for transmyocardial arteriovenous alanine and glutamic acid differences and
net transmyocardial alanine and glutamic acid flux in the rested (R) and paced (P) state for normal (nos. 1-8)
and coronary disease patients (nos. 9-19) are tabulated. Alanine release, arteriovenous difference, was significantly
greater in the coronary group as compared to normals in both the rested (P < 0.001) and paced (P < 0.05) state.
Net alanine release, flux, was significantly greater in the coronary group in the rested (P < 0.01) and paced (P < 0.05)
state. Glutamic acid uptake, arteriovenous difference, was significantly greater in the coronary group in both the
rested (P < 0.001) and paced (P < 0.05) state. Net glutamic acid uptake, flux, was significantly greater in the
coronary group in the rested (P < 0.05) and paced (P < 0.02) state.

pacing value (4.3±11.8 nmol/ml) was not statistically
different from zero.

In contrast, glutamate uptake was noted consistently
in all coronary patients at rest and reversed to a
negative value in only one patient during pacing.
Arteriovenous glutamate values decreased significantly
during pacing from 59.0+8.9 to 35.3±6.3 nmol/ml in
this group (P < 0.01).

Calculation of net glutamate flux yielded compara-
tive data similar to that obtained with arteriovenous
differences with one notable exception. The net
flux of glutamate in the coronary group, although

lower during pacing (4,680+1,030 vs. 3,530+720
nmol/min), was not statistically different in the rest
and paced states, in contrast to the comparison
obtained between these two states with arteriovenous
differences.

Significantly greater glutamate uptake was noted in
the coronary disease group as compared to the normal
group both at rest and during pacing when calculated
as either arteriovenous difference or net flux (Table
IV). Although arteriovenous differences decreased
significantly with pacing in both groups and the net
flux of glutamate was significantly lower in the normal
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paced as compared to the normal rest state, net flux
did not decrease significantly during pacing in the
coronary group.

DISCUSSION

Amino acid metabolism in the human heart has
not been adequately studied despite the recognized
relation between carbohydrate and amino acid metab-
olism (1, 2) and the importance of anaerobic carbo-
hydrate metabolism as a potential energy source in
the ischemic heart (22). Carlsten et al. reported that
other than for the release of alanine, there is no net
uptake or release of amino acids by the human heart
(23). Amino acid metabolism in human skeletal
muscle is well characterized. In both forearm (9) and
leg muscle (7), the release of alanine and glutamine
and uptake of glutamate are found. The magnitude
of the alanine efflux from skeletal muscle cannot be
accounted for by the alanine content of skeletal muscle
protein. Accordingly, it was first postulated and sub-
sequently demonstrated that alanine is synthesized
de novo in skeletal muscle by the transamination of
pyruvate (24).

The purpose of the present investigation was two-
fold: (a) to determine whether the pattern of trans-
myocardial amino acid differences resemble those of
skeletal muscle, and (b) to test the hypothesis that
cardiac amino acid metabolism as defined by arterio-
venous difference studies might be altered in chronic
ischemic heart disease. Our results indicate that while
the pattern of amino acid metabolism in the normal
and ischemic human heart is generally similar to that
reported for skeletal muscle, differences can be found
between normal and coronary disease groups which
allow identification of the ischemic heart.

Alanine release from the normal myocardium
occurred only during pacing stress and not at rest,
whereas the diseased heart released alanine in both
states in quantities sufficiently large to statistically
differentiate the two groups. The degree of variation
in alanine arteriovenous difference within each group
was, however, so wide as to preclude the use of this
index as a marker for coronary disease in a given
individual, although coronary disease seems excluded
if myocardial alanine uptake is found.

The pattern of glutamate arteriovenous differences
in the diseased and normal heart at rest were quali-
tatively similar to that of skeletal muscle, i.e., signifi-
cant uptake of glutamate occurred although uptake in
the coronary group was greater than in the normal
group to a degree that statistically differentiated the
two groups. With pacing, the arteriovenous differ-
ences in the normal group decreased to zero,
whereas glutamate uptake persisted in the coronary

group despite a significant decrease in the arterio-
venous difference.

Since arteriovenous difference studies do not
provide direct measurements of intracellular tissue
levels of specific metabolites, and both alaniine aind
glutamate are known to participate in multiple bio-
chemical reactions (1), any explanations for the ob-
served differences in metabolism of these amino acids
in the heart of normal and coronary patients mllust
remain speculative. In autolyzing rabbit heart, early
increases in tissue lactate concentration are accom-
panied by a parallel increase in alanine and decrease
in glutamate concentrations (10). Similar data has been
reported for anoxic rat liver (14), whereas an increase
in alanine but no decrease in glutamate was reportedl
for ischemic rat liver (11). In both the rabbit lheart
and rat liver, changes in alanine and glutamate
concentration induced by oxygen deprivation were
blunted by pretreatment of the experimental animnals
with L-cycloserine, a specific inhibitor of alaninie
transaminase, indicating that alanine productioni is
related to alanine transaminase activity.

It is therefore suggested that in the presence of higlh
concentrations of tissue lactate, as occurs with oxygen
deprivation, pyruvate conversion to lactate is rie-
tarded due to the mass action effect of lactate ac-
cumulation with subsequent augmentation of glu-
tamate-pyruvate transamination. This might result in a
net reduction in the concentration of three carbon
carbohydrate fragments accumulating in the foi-nn of
lactate from glycolysis, although the amount of'
alanine release found cannot account stoichiometri-
cally for the amount of lactate generated during pacinig
ischemia (Tables II and IV). Biochemical evi(lenice
suggesting the possibility of this reaction scheme
comes from studies of oxygen deprived anid (or)
working cardiac and skeletal muscle preparationis
wherein increases in either pyruvate tissue conitent
or venous efflux were noted (25-29) and the observa-
tion that the K,,, of alanine transaminase for pyril-
vate decreases with acidosis (30).

The data of Neely et al. (31) anid Rovetto et al.
(32) in the isolated ischemic rat heart have de inoni-
strated that glycolysis, and therefore the produictioni
of high energy phosphate by anaerobic metabolismii,
was inhibited by the accumunltlation of lactate. Sinice
this inhibition is not mediated only by mass actioIn
effects, but is rather related to specific inhibition
of glyceraldehyde phosphate dehydrogenase, small
changes in lactate concentration could conceivably
relieve this inhibition. This in turn stuggests the
importance of a mechanism capable of shtunting
pyruvate derived from glycolysis to alaninie anid thlus
decreasing the amount of pyruvate converted to lactate.

The enhanced uptake of glutamate anid release of
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alanine noted in the coronary disease group is thus
suggestive of a metabolic adaptation of the myocardium
to chronic ischemia. The fact that the differences
in glutamate and alanine metabolism were present
at rest and not just during an acutely induced is-
chemic state (pacing) supports this hypothesis.
Similarly, the observation that glutamate uptake (net
flux) decreased with pacing in the normals but was
unchanged during pacing in the coronary disease group
suggests an alteration of myocardial amino acid metab-
olism in response to chronic ischemia.

If indeed an adaptation of myocardial metabolism
to chronic repetitive ischemia has been demonstrated,
previous calculations of the capacity of glycolytic
metabolism to generate high energy phosphate in
ischemic myocardium based on studies of glycolysis
in normal cardiac tissue may be in error (33). Con-
sideration of the possibility that myocardial metab-
olism in chronic coronary artery disease becomes
more efficient in the glycolytic production of high
energy phosphate due to adaptive biochemical changes
seems warranted.
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