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Abstract

The regulation of protein metabolism in the human heart has
not previously been studied. In 10 postabsorptive patients with
coronary artery disease, heart protein synthesis and degrada-
tion were estimated simultaneously from the extraction of intra-
venously infused L-[ring-2,6-3Hjphenylalanine (PHE) and the
dilution of its specific activity across the heart at isotopic
steady state. Wesubsequently examined the effect of branched
chain amino acid (BCAA) infusion on heart protein turnover
and on the myocardial balance of amino acids and branched
chain ketoacids (BCKA) in these patients.

In the postabsorptive state, there was a net release of phe-
nylalanine (arterial-cardiac venous IPHEJ = -1.71±0.32 nmol/
ml, P < 0.001; balance = -116±21 nmol PHE/min, P
< 0.001), reflecting protein degradation (142±40 nmol PHE/
min) in excess of synthesis (24±42 nmol PHE/min) and net
myocardial protein catabolism. During BCAAinfusion, protein
synthesis increased to equal the degradation rate (106±24 and
106±28 nmol PHE/min, respectively) and the phenylalanine
balance shifted (P = 0.01) from negative to neutral (arterial-
cardiac venous IPHEI = 0.07±0.36 nmol/ml; balance = 2±25
nmol PHE/min). BCAAinfusion stimulated the myocardial
uptake of both BCAA(P < 0.005) and their ketoacid conju-
gates (P < 0.001) in proportion to their circulating concentra-
tions. Net uptake of the BCAAgreatly exceeded that of other
essential amino acids suggesting a role for BCAAand BCKAas
metabolic fuels. Plasma insulin levels, cardiac double product,
coronary blood flow, and myocardial oxygen consumption were
unchanged. These results demonstrate that the myocardium of
postabsorptive humans is in negative protein balance and indi-
cate a primary anabolic effect of BCAAon the human heart. (J.
Clin. Invest. 1991. 87:554-560.) Key words: cardiac metabo-
lism * phenylalanine * protein degradation - protein synthesis

Introduction

Although several investigators have reported measurements of
the balance of amino acids across the heart in humans (1-4),
direct measurements of protein synthesis and degradation have
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been precluded by the difficulty in sampling heart protein di-
rectly in humans. As a result the responsiveness of protein syn-
thesis and degradation in the human heart to humoral or hemo-
dynamic factors remains unknown. Recently developed tech-
niques utilizing measurements of labeled phenylalanine
kinetics have provided simultaneous estimates of muscle pro-
tein synthesis, degradation, and overall protein balance in both
skeletal muscle (5,6) and the heart (7,8) in vivo. This approach
permits measurement of short-term changes in each of these
parameters in the same subject. In addition, since tissue sam-
pling is not required the technique is applicable to clinical in-
vestigation. In the current study we report the first measure-
ments of cardiac protein synthesis and degradation in patients
with coronary artery disease. These measurements were ob-
tained both in the postabsorptive state and during the last 15
min of a 75-min infusion of branched-chain amino acids
(BCAA).'

The BCAA, which include the three essential amino acids
leucine, isoleucine, and valine, were selected for study since
they appear to have anabolic effects on protein metabolism in
muscle tissue (9-17). In vitro, the BCAAstimulate protein syn-
thesis and inhibit protein degradation in heart (9-11) and skele-
tal muscle (12, 13). In human beings, increasing the circulating
concentration of BCAApromotes protein anabolism by the
whole body (14) and by forearm skeletal muscle (15). Some-
what variable effects of BCAAgiven in vivo on protein synthe-
sis are reported in rat skeletal (16-18) and heart (17, 18) mus-
cle. In addition to a potential role in regulating protein turn-
over, BCAAcan be used as an oxidative fuel by heart (19)
which has high levels of BCAAtransaminase and branched-
chain ketoacid (BCKA) dehydrogenase (20). The relationship,
if any, between their oxidation and their modulation of protein
metabolism is not known. In the current study, the myocardial
utilization of these amino acids and their ketoacid analogues
was measured and compared to that of other essential and non-
essential amino acids to assess whether there was significant
oxidation of these substrates by the human heart.

Methods

Study population. Nine men and one woman, aged 52-76 yr, were
selected from patients scheduled to undergo diagnostic cardiac catheter-
ization for the evaluation of coronary artery disease. Patients with evi-
dence of prior anterior wall Qwave myocardial infarction, congestive
heart failure, left bundle branch block, a history of a bleeding diathesis,
or active ischemia at rest were excluded from study. Medications in-
cluding ,3 blockers (six patients) calcium channel antagonists (eight
patients), and nitrates (seven patients) were continued. Informed writ-

1. Abbreviations used in this paper: BCAA, branched-chain amino
acid(s); BCKA, branched-chain ketoacid(s); GCV, great cardiac vein;
KIC, a-ketoisocaproate; KIV, a-ketoisovalerate; KMV, a-ketomethyl-
valerate.
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ten consent was obtained from each patient before participation in this
study. Subsequent coronary angiography revealed stenoses in the left
anterior descending artery (seven patients), the left circumflex artery
(nine patients), and the right coronary artery (eight patients).

Experimental protocol. All patients were studied after an overnight
(12-18 h) fast and before diagnostic angiography. A number 7F ther-
modilution coronary sinus flow catheter (Elecath Corp., Rahway, NJ)
was introduced via the right internal jugular vein and the tip was ad-
vanced into the great cardiac vein (GCV) to selectively sample venous
drainage from the anterior wall of the left ventricle, a territory supplied
by the left anterior descending coronary artery. GCVsampling avoids
the problems of catheter instability and mixing with blood from the
right atrium associated with more proximal placement. Fluoroscopic
examination and measurements of oxygen saturation confirmed cath-
eter placement. An introducer sheath (U.S.C.I. Div., C. R. Bard, Inc.,
Billerica, MA) in the right femoral artery was used for sampling blood
and subsequent left heart catheterization. Catheters were maintained
patent by the slow infusion of heparinized saline (total dose < 75 U
over 90 min).

L-[ring-2,6-3H]phenylalanine (50 ,uCi/h) was infused continuously
into the left antecubital vein beginning 60 min before obtaining basal
samples and continuing throughout the study. Basal samples for deter-
mination of arterial and GCVplasma amino acid and ketoacid concen-
tration, phenylalanine specific activity, glucose and lactate concentra-
tion, and arterial insulin were drawn in quadruplicate over a 15-min
period. Thermodilution coronary sinus flow was measured in dupli-
cate. Heart rate and arterial blood pressure were measured throughout.
After obtaining basal samples, a primed (47 umol/kg per min for 10
min) continuous (5.2 umol/kg per min for 65 min) infusion of BCAA
(BranchAmin, Clintec International, Deerfield, IL) was administered.
Patients received a total volume of 2.6 ml/kg of this 4% equimolar
solution containing 105 umol/ml each of valine, leucine, and isoleu-
cine. During the last 15 min of the 75-min BCAAinfusion, arterial and
GCVsamples were obtained every 5 min, and thermodilution coro-
nary blood flow and hemodynamic measurements were performed.

In view of the heterogeneity of the patient population and the ethi-
cal concern that each patient only be studied once, the protocol was
designed to allow each patient to serve as his or her own control with
comparisons of substrate balance and phenylalanine kinetics made be-
fore and during BCAAinfusion.

Analytic methods. Blood glucose and lactate concentrations were
measured using the glucose and lactate oxidase methods (Yellow
Springs Instrument Co., Yellow Springs, OH). Plasma insulin was de-
termined by double-antibody radioimmunoassay. Arterial plasma free
fatty acids were measured using a microfluorometric technique with
oleic acid as a standard. Concentrations of acidic and neutral amino
acids were measured in sulfosalicylic acid extracts of plasma with an
automated ion-exchange chromatographic technique (model D-500,
Dionex Corp., Sunnyvale, CA).

For the determination of phenylalanine specific activity, 2 ml of
acidified plasma was placed on a Dowex 5OGcation-exchange resin
column (Bio-Rad Laboratories, Richmond, CA). The column was
washed with 0.01 N HC1, and the acid eluate was collected and frozen
for subsequent measurement of the BCKAa-ketoisocaproate (KIC),
a-ketomethylvalerate (KMV), and a-ketoisovalerate (KIV) (21).
Amino acids retained on the Dowex column were eluted with 4 M
NH4OH. The eluate was dried and the residue was dissolved in 800 ,l
of 2% (wt/vol) trichloroacetic acid. After centrifugation, a 200-id ali-
quot was analyzed using an ion-pair, reverse-phase HPLCtechnique.
The mobile phase consisted of 16% methanol (vol/vol) containing a
phosphoric acid buffer (pH 5) and heptane sulfonic acid added as an
ion pairing agent (low UV-PIC B7 reagent, Waters Associates, Milford,
MA). The column flow rate was 1.2 ml/min. The column eluate was
monitored for UV absorbance at wavelength 214 nm. With 200-,sl
samples injected onto a 4.6 x 250-mm Ultrasphere ODS(C-1 8, 5 Mm)
column (Beckman Instruments, Inc., Palo Alto, CA), a sharply sepa-
rated phenylalanine peak eluted at 14-16 min. This fraction was col-
lected in scintillation vials and subsequently counted for 3H radioactiv-

ity. Specific activity was calculated as the 3H radioactivity divided by
phenylalanine mass. The coefficients of variation of phenylalanine
concentration and specific activity, measured in this manner, averaged
1.8% and 2.2%, respectively. By comparison, the measurement of phe-
nylalanine concentration using ion-exchange chromatography as part
of an amino acid profile has a coefficient of variation of 5-7%.

Calculations. The net myocardial balances of glucose, lactate, and
amino acids were calculated from the product of the arterial-coronary
sinus concentration difference and coronary flow.

Net balance = ([A] - [GCV]) x flow, (1)

where [A] and [GCV] are the arterial and GCVconcentrations and flow
is the thermodilution coronary flow. Myocardial oxygen consumption
was calculated from the difference in blood oxygen content calculated
from the hemoglobin concentration and 02 saturation.

Rates of myocardial protein synthesis and degradation were calcu-
lated from the extraction of labeled phenylalanine and the dilution of
phenylalanine specific activity across the heart, respectively (7, 8). Be-
cause phenylalanine is neither synthesized nor metabolized in muscle,
at steady state the measured rate of disappearance of tracer across the
heart reflects the rate of incorporation of phenylalanine into protein (7,
8). In addition, the dilution of phenylalanine specific activity across the
heart at steady state reflects the release of unlabeled phenylalanine
from muscle protein into plasma (7, 8). The rate of phenylalanine re-
lease from muscle protein is calculated according to the equation:

Phenylalanine release = {(SAA/SAGcv) - I } X [A] x flow, (2)

where SAA and SAGcv denote the specific activity (dpm/nmol) of phe-
nylalanine in the artery and GCV, respectively. The uptake of phenylal-
anine into newly synthesized protein is calculated from the extraction
of labeled phenylalanine from plasma using GCVspecific activity to
approximate the precursor specific activity at which phenylalanine is
incorporated into protein. The immediate precursor pool for protein
synthesis is the phenylalanyl-tRNA which equilibrates rapidly with the
plasma in the rat heart (7, 22). The rate of phenylalanine incorporation
into protein is expressed in the following equation:

Phenylalanine uptake = (DPMA- DPMGcv)/SAGcv x flow. (3)

Eqs. 2 and 3 each make the assumption that phenylalanine released
from muscle protein degradation is reutilized for new protein synthesis
in a similar fashion to phenylalanine entering muscle from arterial
plasma.

Statistical analysis. All data are presented as mean values±SEM.
Data presented as "basal" and "BCAA infusion" represent the mean
values of quadruplicate samples drawn during those periods (from - 15
to 0 and from 60 to 75 min, respectively) and are compared using a
paired Student's t test.

Results

Myocardial glucose, lactate, and oxygen balance and hemody-
namics. In the postabsorptive period, the plasma glucose con-
centration averaged 5.3±0.2 mMand blood lactate 0.8±0.1
mM. There was a net uptake of both substrates by the myocar-
dium which averaged 4.2±2.6 and 10.0±2.6 Mmol/min for glu-
cose and lactate respectively. Although all 10 subjects had de-
monstrable coronary artery disease, myocardial lactate extrac-
tion averaged 23±5% (P < 0.001) with only one subject having
a minimal net lactate release (0.01 smol/ml) during the basal
period. With BCAA infusion the arterial glucose and lactate
concentrations remained stable; there was no change in the
myocardial glucose balance, but a small decrease in heart lac-
tate uptake (Table I). Plasma insulin in the basal period aver-
aged 16±2 ,U/ml and was unchanged by BCAAadministra-
tion. Arterial free fatty acid levels remained constant, averag-
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Table I. Glucose and Lactate Concentrations
and Myocardial Balance

Arterial concentration Myocardial balance

Glucose Lactate Glucose Lactate

mM itmol/min

Basal 5.3±0.2 0.8±0.1 4.2±2.6 10.0±2.6*
BCAAinfused 5.4±0.3 0.7±0.1 6.0±2.1* 7.0±2.0§1
Symbols denote significance of balance different from 0: * P < 0.005;
* P < 0.02; § P < 0.01; or difference from basal I P < 0.05.

ing 1,600±72 ,M basally and 1,597±76 pMduring the BCAA
infusion.

The coronary blood flow averaged 73±2 ml/min in the ba-
sal period and was unchanged by amino acid infusion (Table
II). Similarly, we observed no change in the myocardial oxygen
consumption, mean arterial blood pressure, heart rate, or car-
diac double product during the course of the study (Table II).
The low basal heart rate likely reflects the continued use of
/-blocking agents in six patients.

Plasma amino acid concentrations and myocardial amino
acid balances. The arterial concentrations, arterial-GCV con-
centration differences and myocardial balances for nine amino
acids during the basal period and over the last 15 min of the
75-min BCAA infusion are shown in Table III. In the basal
state there was a net myocardial uptake of glutamate, leucine,
isoleucine, and total BCAAand a net release of alanine, gluta-
mine, and phenylalanine. Infusion of BCAAled to a marked
rise in the arterial BCAAconcentration and to a significant
increase in the myocardial uptake of these amino acids (Table
III). The arterial concentrations of alanine, glutamate, tyro-
sine, and phenylalanine fell significantly in response to the
BCAAwhereas plasma glutamine concentrations remained
stable. The net myocardial balance for both alanine and gluta-
mine remained negative during the BCAAinfusion and were
similar to basal. The net balance for phenylalanine across the
myocardium changed from a significant net release to essen-
tially zero in response to the BCAA infusion. Although this
change was apparent using results from either the ion-exchange
chromatographic or the HPLCanalysis (Table III), it was statis-
tically significant only with the use of the latter technique
(P = 0.01).

Branched chain ketoacid concentrations and myocardial
balances. The arterial concentrations, arterial-GCV concen-

Table II. Myocardial Blood Flow, Myocardial Oxygen
Consumption, Heart Rate, and Blood Pressure

Mean
blood Heart Double

CBF MVO2 pressure rate product

mmHg x min
mil/min ml/min mmHg min-' X lo-

Basal 73±2 8.3±0.5 107±7 59±3 9.2±1.1
BCAAinfused 75±4 8.1±0.7 106±7 57±4 9.1±1.0

CBF, coronary blood flow measured in the great cardiac vein; MVO2,
myocardial oxygen consumption; double product, systolic blood
pressure multiplied by heart rate.

tration differences, and myocardial extraction ratios and net
balances for KIC, KIV, and KMVand for the BCAAare given
in Table IV. In the basal period there was a significant net
uptake of each of the BCKA. Although the arterial BCKAcon-
centrations averaged only 12-25% of their amino acid conju-
gates, they were extracted with greater avidity by the heart (Ta-
ble IV); as a result they supplied a similar amount of amino
acid carbon skeleton to the myocardium (0.56 and 0.76 ,mol/
min, for BCKAand BCAArespectively).

During the BCAAinfusion, the arterial BCKAconcentra-
tions increased approximately twofold. The net myocardial up-
take of BCKAnearly tripled (Table IV); this increase was less
than that observed for the BCAAuptake, owing to a less
marked rise in the BCKAconcentration. In these studies we
observed a strong correlation between the arterial concentra-
tion and heart uptake for total BCKA(r = 0.85, P < 0.001)
(Fig. 1) which was also apparent for each of the individual
BCKA(KIC r = 0.85, KIV r = 0.97, and KMVr = 0.83; all P
< 0.001). In contrast, this relationship was less dramatic for the
total BCAA(r = 0.69, P < 0.005); despite a strong correlation
for leucine (r = 0.82, P < 0.001), there was a less striking corre-
lation for isoleucine (r = 0.65, P < 0.01) and valine (r = 0.45, P
= NS).

Phenylalanine kinetics. In every patient during the basal
period we observed a higher phenylalanine concentration in
the GCVthan in arterial plasma (mean difference 1.71±0.32
nmol/ml, P < 0.001, range 0.13-3.13 nmol/ml). The net re-
lease of phenylalanine during the basal period averaged
1 16±21 nmol/min, indicating that protein degradation by the
myocardium exceeded protein synthesis in these postabsorp-
tive patients. During BCAAinfusion arterial and GCVphenyl-
alanine concentrations were equal (mean arterial-GCV differ-
ence = 0.07±0.36 nmol/ml, P = NS). The myocardial balance
for phenylalanine fell (P = 0.01) essentially to zero, indicating
that protein synthesis and proteolysis were occuring at equal
rates (Fig. 2).

Using the dilution of phenylalanine specific activity be-
tween arterial and GCVplasma as a measure of proteolysis, we
observed a significant release of unlabeled phenylalanine dur-
ing the basal period (I142±40 nmol/min, P < 0.005) and during
BCAAinfusion (106±24 nmol/min, P < 0.001). In the basal
state, the rate of myocardial protein synthesis (24±42 nmol/
min) estimated from the extraction of radiolabeled phenylala-
nine was not significantly different from zero. However, during
BCAAinfusion there was a significant tracer extraction by the
myocardium (3±1%, P< 0.005) and the estimated rate of myo-
cardial protein synthesis increased to 106±28 nmol/min.

The combination of the increased rate of myocardial pro-
tein synthesis and the modest decline in proteolysis accounted
for the significant net anabolic change in the phenylalanine
balance that accompanied BCAAinfusion. Interestingly, when
the change in net phenylalanine balance was examined in indi-
vidual patients as a function ofthe initial myocardial phenylala-
nine balance, we observed a highly significant correlation, i.e.,
those patients displaying the most negative phenylalanine bal-
ances in the postabsorptive state had the most marked anabolic
response to BCAAinfusion (Fig. 3).

Discussion

This study provides what we believe to be the first measure-
ments of myocardial protein turnover in humans. In postab-
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Table III. Arterial Amino Acid Concentrations, Myocardial Amino Acid Extraction, and Balance

Arterial concentration Arterial-GCV difference Myocardial balance

Basal BCAAinfused P Basal BCAAinfused P Basal BCAAinfused P

nmol/ml mnoll/ml $mol/min

Leu 151±12 602±21 0.001 11.2±2.9$ 46.1±6.7* 0.001 0.41±0.09* 1.87±0.30$ 0.001
Ile 73±6 502±22 0.001 4.1±1.6§ 25.3±5.4* 0.005 0.15±0.051 1.02±0.24* 0.01
Val 250±20 827±26 0.001 6.0±4.1 21.9±10.0 NS 0.20±0.13 0.89±0.43 NS
BCAA 474±37 1931±64 0.001 21.4±8.4§ 93.3±20.1* 0.01 0.75±0.261 3.77±0.88* 0.01
Glu 92±12 82±11 0.001 53.5±5.7* 46.6±6.1* 0.02 1.97±0.16* 1.82±0.20* NS
Gin 507±20 520±21 NS -32.9±7.8* -31.2±12.7§ NS -1.27±0.35' -1.21±0.53 NS
Ala 325±42 287±32 0.05 -28.1±4.6* -25.8±7.4' NS -1.03±0.15$ -0.97+0.27' NS
Tyr 61±4 54±4 0.001 -1.6±1.3 -1.4±0.4* NS -0.07±0.06 -0.06+0.02' NS
Phe 61±3 52±3 0.001 -0.9±0.9 1.1±0.6 NS -0.04±0.04 0.05±0.03 NS
Phe** 58±2 49±3 0.001 -1.71±0.32$ 0.07±0.36 0.01 -0.12±0.02$ 0.00±0.02 0.01

P values in table refer to differences between basal and BCAAinfused values. Symbols denote the significance of myocardial extraction (ar-
terial-GCV concentration difference) or balance different from 0: * P < 0.005; * P < 0.00 1; § P < 0.05; 1 P < 0.02; ' P < 0.01. Amino acid values
were measured by ion exchange except Phe**, which was measured by HPLC.

sorptive patients with coronary artery disease, the heart was in
negative protein balance and short-term infusion of BCAAhad
an anabolic effect on heart protein metabolism. In addition,
both the BCAAand their ketoacid derivatives were taken up by
the human heart and this uptake was enhanced by increasing
their circulating concentrations.

The experimental approach used has previously been ap-
plied by our laboratory and others to measure the synthesis and
degradation of skeletal muscle protein both in the basal state (5,
6, 23) and after the acute administration of insulin (5) or amino
acids ( 15). Both radiotracer (5, 6) and stable isotope (23) meth-
ods have been used to measure the specific activity (enrich-
ment) of phenylalanine in arterial blood and in venous blood
draining a muscle bed. Extension of this method to the study of
the heart, while theoretically straightforward, posed some prac-
tical difficulties. First among these was the precision of the
measurement of phenylalanine balance and specific activity.
Heart muscle, because of its continuous work load and high
metabolic demands, has a blood flow of 80-100 ml/ 100 g per

min or - 20-fold greater than that of resting human skeletal
muscle (3-6 ml/100 g per min). Consequently, unless the utili-
zation of a particular substrate increases in proportion to the
increased blood flow, the arterial-venous difference for that
substrate is smaller and therefore more difficult to quantitate
precisely. This is easily seen by comparing the dilution of phe-
nylalanine specific activity across the heart observed in the
current study (7±1%) with that observed previously in human
forearm (35%, reference 5) or canine hindlimb (38%, reference
6) skeletal muscle. In the earlier studies, phenylalanine specific
activity was determined from routine ion-exchange measure-
ments of plasma amino acids using an amino acid analyzer and
the radioactivity eluted by an NH40Hwash of a Dowex cation
exchange column (see Methods). In the current studies, we
have developed an HPLCmethod with improved precision for
measurement of both the phenylalanine concentration and spe-
cific activity which greatly facilitates the use of the isotope dilu-
tion method in the heart. Presumably, stable isotopic methods
with gas chromatography-mass spectroscopy analysis, which

Table IV. BCKAand BCAAConcentrations, Myocardial Extraction Ratio, Extraction, and Balance

Concentration Extraction ratio Extraction Balance

Basal BCAA Basal BCAA Basal BCAA P Basal BCAA P

nmol/ml % nmol/ml /umol/min

KIC 35±3 73±7 19± 1* 22±3* 6.7±0.6* 16.1±2.4* 0.005 0.24±0.02* 0.61±0.07* 0.005
KIV 9±2 13±3 38±2* 42±2* 3.5±0.6* 5.6±1.2* 0.03 0.13±0.02* 0.23±0.06* 0.05
KMV 30±6 90±14 18±3* 23±3* 5.2±1.3' 19.9±3.5* 0.001 0.18±0.04* 0.75±0.09* 0.001
BCKA 74±8 176±19 21±2* 24±2* 15.3±1.7* 41.7±5.3* 0.001 0.56±0.04* 1.59±0.13* 0.001

Leu 157±12 602±24 7±2* 8±1* 11.4±3.31 49.6±6.6* 0.001 0.40±0.10* 2.0±0.3* 0.001
lie 75±6 496±24 5±2§ 6±1* 3.7±1.8 29.1±4.3* 0.001 0.12+0.05§ 1.17±0.20* 0.001
Val 260±20 833±28 2±1 4±1* 7.1±4.5 29.9±6.7* 0.02 0.24±0.15 1.24±0.29* 0.02
BCAA 491±37 1932±72 4±11 6±1* 22.2±9.5§ 108.6±14.8* 0.01 0.76±0.391 4.41±0.69* 0.005

P values in table refer to differences between basal and BCAAinfused values. Symbols denote significance of myocardial extraction or balance
different from 0: * P < 0.001; * P < 0.005; 1 P < 0.05; ' P < 0.02; ' P < 0.01. n = 8 patients who had both BCAAand BCKAmeasurements.
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Figure 1. Correlation between the concentration of total BCKAand
the myocardial uptake of these ketoacids. Points represent mean
values of quadruplicate samples for individual patients in the
postabsorptive state and during the last 15 min of BCAAinfusion.

typically allow measurements of isotopic enrichment with a
precision of < 1%, could also be used. These methods have
recently been applied to studies of skeletal muscle turnover in
humans (23). With either radioisotopes or stable isotopes, the
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Figure 2. Myocardial phenylalanine balance (from Eq. 1), uptake
(from Eq. 3) and release (from Eq. 2) in the postabsorptive state
(upper panel) and during the last 15 min of BCAAinfusion (lower
panel). The change in myocardial phenylalanine balance was
significant with P = 0.01.
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Figure 3. Relationship between basal heart phenylalanine balance and
the change in phenylalanine balance during BCAAinfusion in
individual patients.

fractional isotopic extraction or dilution across the muscle will
be smaller and somewhat more difficult to measure when
plasma phenylalanine concentrations are elevated as might oc-
cur during infusion of a complete amino acid mixture. This
issue was factored into our decision to study the effects of in-
fused BCAA, rather than a complete amino acid mixture which
might also have an anabolic effect on the heart (17).

Combining improved analytic methods with quadruplicate
samples of arterial and GCVblood during basal and experimen-
tal periods provides new information on both the turnover of
protein by the heart as well as the metabolism of other amino
acids. In previous studies of amino acid balance across the hu-
man myocardium, a net release of alanine has consistently
been noted but the balances of glutamate, the BCAA, gluta-
mine and phenylalanine have varied widely (1-4). Using multi-
ple samples of arterial and coronary sinus plasma obtained
both during a basal period and during amino acid infusion we
previously observed in a conscious canine model a significant
uptake of BCAA, and a release of alanine, glutamine, and gly-
cine (24). The uptake of BCAAincreased during infusion of a
balanced mixture of amino acids without significant changes in
the myocardial balance of other amino acids (24). The results
in those canine studies are quite similar to those seen here in
humans with two exceptions: there was no significant net up-
take of glutamate by the dog heart and no net release of phenyl-
alanine. The former finding appears to relate to a true species
difference since glutamate was the most avidly extracted amino
acid in the human heart and the analytic methods for measure-
ment of glutamate were identical in the two studies. The lack of
net phenylalanine release by postabsorptive canine heart (24)
appears more likely owing to the different analytic procedure
used. In support of this, in more recent canine studies we have
also observed significant net phenylalanine release by the heart
postabsorptively using the more precise HPLCmethod (7, 25).

Throughout the present study, we observed not only net
cardiac uptake of the BCAA, but also of BCKA(Table III). As
BCKAlevels increased during BCAAinfusion (because of their
synthesis from BCAAin other tissues), the heart continued to
extract these substances with high efficiency. Although the fate
of the BCAAand BCKAextracted by the heart cannot be ascer-
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tained from these experiments, several considerations would
point to the likelihood that a significant fraction are oxidized.
First, both the BCAAtransaminase and the BCKAdehydroge-
nase enzymes, responsible for the initial steps towards oxida-
tion of these substances, are abundantly present in heart (20).
This contrasts with skeletal muscle which contains less BCKA
dehydrogenase (20) and does not extract appreciable amounts
of BCKAfrom the circulation (15). Secondly, it seems unlikely
that a major part of the net BCAAuptake can be accounted for
by incorporation into protein in that net uptake of other essen-
tial amino acids (phenylalanine, tyrosine, and threonine)
would be expected and was not observed. If indeed oxidation is
the major fate for the BCAAand BCKAextracted during the
BCAAinfusion, the net uptake of BCAAand BCKAon a mo-
lar basis was equivalent to that of glucose plus lactate and could
thus account for an appreciable (perhaps 10-15%) fraction of
the oxygen consumption. The use of BCAAand BCKAas oxi-
dative fuels may also explain the diminished myocardial lac-
tate uptake observed during BCAAinfusion.

It is of interest that in the current study the large uptake of
BCAAduring amino acid infusion was not paralleled by an
increased release of either alanine or glutamine, which are
thought to be the principal amino acids involved in the export
of nitrogen from muscle. These results are similar to those
found during insulin and amino acid infusion in the canine
heart (24) and during BCAA(15) or a balanced amino acid
infusion (26) in skeletal muscle in humans. After transamina-
tion of the BCAAamino group to glutamate in the heart, the
amino group may be further transaminated to alanine or re-
leased from glutamate as ammonia via either glutamate dehy-
drogenase or the purine nucleotide cycle (27, 28). Wedid not
measure ammonia balance, but these results raise the possibil-
ity that this pathway may function in the metabolism of amino
acids by the heart.

The net negative myocardial balance for phenylalanine ob-
served in these postabsorptive subjects indicates that heart
muscle is in negative protein balance after an overnight fast.
Measuring the rate of phenylalanine release from a muscle bed
using selective catheterization techniques is likely more sensi-
tive at detecting net protein breakdown early during fasting
than are techniques that depend on the actual loss of muscle
mass (29-33). Previous studies have similarly reported a net
negative balance for phenylalanine across forearm (5, 15) and
leg (34) skeletal muscle in postabsorptive humans. Likewise, a
net loss of heart mass is apparent within 48 h of fasting in the
rat (30, 32, 33) and proceeds at a rate of 5-7%/d through 5 d of
fasting (29-33). From the negative phenylalanine balance and
the known phenylalanine content of heart protein, we estimate
that the human heart is losing protein mass at a rate of 4-5%/d
after an overnight fast. The loss of protein from heart and skele-
tal muscle occurs at a slower rate than that seen in the whole
body, and in particular tissues such as liver or gut, resulting in a
relative sparing of muscle protein (32, 35). Later in fasting,
mobilization of skeletal muscle protein appears to be slowed by
regulatory adaptations. A similar adaptation would need to be
invoked to preserve cardiac mass during prolonged fasting
though this has not been studied directly.

Presumably the net loss of phenylalanine observed postab-
sorptively is routinely reversed in response to eating, with
changes in hormonal and substrate levels, or with hemody-
namic changes during the course of the day to account for the

maintenance of steady-state heart protein mass. The mainte-
nance of heart mass must involve balanced protein synthesis
and degradation when integrated over time. Whether this in-
volves changes in protein degradation, synthesis, or both has
not been studied in humans. Although heart protein degrada-
tion has been difficult to assess in vivo, heart protein synthesis
is influenced by both fasting and feeding in small animals (29,
35) and an increase in protein synthesis after a meal may con-
tribute to the reversal of net protein loss which occurs with
fasting. The current results serve to illustrate the dynamic na-
ture of myocardial protein metabolism in humans and that the
experimental approach we introduced may afford the opportu-
nity to define humoral, substrate, and mechanical factors
which modify this process.

Acute myocardial ischemia is also associated with suppres-
sion of overall myocardial protein synthesis (36, 37), perhaps
mediated by heat shock proteins which are expressed during
ischemia (38). In the patients studied, no angina or electrocar-
diographic evidence of ischemia was seen over the 90 min pre-
ceding or during the infusion protocol, and we observed signifi-
cant regional cardiac lactate extraction throughout the study.
Thus, it seems unlikely that acute myocardial ischemia before
or during BCAAinfusion could account for our results.

The change in phenylalanine balance from a net release in
the basal state to neutral during BCAA infusion strongly sug-
gests that these amino acids have an anabolic effect on protein
turnover in the human heart. Fractional rates of protein synthe-
sis were very low before BCAA infusion but increased to
- 5%/d (t1/2 = 10.2 d). Basal protein degradation was - 6%/d
(t1/2 = 8.1 d) and tended towards a slower breakdown during
BCAA infusion (Q1,2 = 10.2 d). Previous in vitro studies have
shown that BCAA stimulate protein synthesis in the isolated
perfused heart (9, 1 1) and decrease protein degradation in iso-
lated atrial muscle (10), although these effects may be due in
part to the additional substrate supply for fuel metabolism in
the absence of free fatty acids in the in vitro perfusate. Recent
experimental studies have suggested that BCAAinfusion may
potentiate insulin's anabolic effect on muscle protein synthesis
in the rat (17). Although no animals received BCAA alone,
when BCAAwere infused with glucose there was a significant
stimulation of protein synthesis in skeletal muscle and a trend
towards increased protein synthesis in heart when compared to
glucose infusion alone (17).

The mechanism by which the BCAAexert their anabolic
effect on the heart is uncertain. Although amino acids may be
weak insulin secretagogues, we observed no change in insulin
concentration during the course of the current study. Likewise,
hemodynamic factors that alter ventricular tension develop-
ment have a clinically recognized long-term effect on heart
mass and appear to be important determinants of myocardial
protein synthesis experimentally (39). Insofar as arterial blood
pressure, cardiac double product, myocardial oxygen con-
sumption, and coronary blood flow did not increase signifi-
cantly, increased myocardial work does not appear responsible
for the altered protein metabolism seen with BCAA infusion.

The current results suggest that BCAAhave a specific, di-
rect anabolic action on heart protein metabolism. Others have
suggested a potential clinical benefit of amino acid infusion in
conjunction with cardiopulmonary bypass (40) and specifically
for BCAA in myocardial ischemia (41). Whether these sub-
stances may be useful in patients with coronary artery disease
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during or after acute ischemic injury remains to be determined.
Potentially, their anabolic effect on myocardial protein turn-
over in fasting patients may be relevant to their use as supple-
mental nutritional support in patients with cardiac disease and
poor nutrition.

In conclusion, the dynamics of protein turnover in the hu-
man heart can be followed experimentally using the methods
described and are susceptible to short-term regulation. The
techniques outlined in this study may provide a useful
approach for examining the regulation of cardiac protein
turnover by humoral, hormonal, or hemodynamic factors in
humans.
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