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Amino acid solutions rich in branched chain amino acids (BCAA)
are commonly utilized both clinically and in experimental pro-
tocols in an attempt to reduce skeletal muscle and whole body
protein catabolism. To investigate the effectiveness of BCAA
infusion, amino acid formulas containing varying concentrations
ofBCAA were given during operation in this study to three groups
of dogs undergoing a standard laparotomy and retroperitoneal
dissection. A fourth group was given saline alone. With the use
of previously described hindquarter flux techniques, individual
and total amino acid nitrogen exchange rates were measured and
utilized in estimating skeletal muscle protein catabolism. Intra-
cellular free amino acid concentrations were measured in per-
cutaneous muscle biopsy samples. Although there was no rela-
tionship with the rate of BCAA infusion, there was a significant
correlation between the rate of BCAA uptake by muscle and
diminished total nitrogen release from hindquarter skeletal
muscle after operation. There was also a significant relationship
between muscle nitrogen balance and the postoperative change
in the muscle concentration of either total amino acids or the
single amino acid glutamine. When combined in a single equation,
BCAA uptake and the change in muscle free amino acid con-
centration predict skeletal muscle nitrogen release with an r
= 0.86. Thus, the rate of BCAA uptake and the free glutamine
or total amino acid concentration in muscle appear to be inde-
pendent predictors of muscle nitrogen balance. The nitrogen-
sparing effect ofBCAA in skeletal muscle is unrelated to infusion
concentration or rate of infusion.

TnHERE IS A NET BREAKDOWN ofbody protein after
major operations, accidental injury, septicemia,
or other critical illnesses. Much of the protein

loss occurs in skeletal muscle, as demonstrated by the
increased release of amino acids from muscle' and the
marked wasting of muscle mass following severe illness.2
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The liberated amino acids are utilized by visceral organs
such as the gastrointestinal tract, liver, and kidney as met-
abolic fuels and as substrates for gluconeogenesis, am-
moniagenesis, and acute-phase protein synthesis.3 These
metabolic reactions frequently result in deamination of
amino acids, with the liberated nitrogen routed into he-
patic ureagenic pathways and ultimately excreted from
the body as urea. The accelerated release of amino acids
from skeletal muscle protein is therefore associated with
increased total body nitrogen loss.2 Because visceral amino
acid uptake exceeds skeletal muscle amino acid release,
the plasma levels of many amino acids fall.4 Administra-
tion ofintravenous amino acids to catabolic patients may
often be necessary to maintain normal plasma concen-
trations, satisfy visceral amino acid requirements, spare
skeletal muscle protein, and preserve lean body mass.
The branched chain amino acids (BCAA) valine, leu-

cine, and isoleucine are essential amino acids that are
thought to have an important influence on skeletal muscle
protein turnover. These three amino acids serve as pre-
cursors for muscle protein synthesis and also can be ox-
idized in muscle as a source of metabolic energy.5 In ad-
dition, leucine has been shown to stimulate protein syn-
thesis and to inhibit protein degradation in vitro.6 When
infused into postoperative rats, either singly or in com-
bination, BCAAs were found to have a beneficial effect
on overall protein turnover.7'8 This suggested that a higher
than standard concentration of infused BCAAs might be
more efficient in overcoming protein catabolism. Other
animal work, however, has shown no benefit from high
BCAA solutions as compared to standard formulas.9 The
response to infusion of balanced formulas (18-25%
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BCAAs) or solutions containing high concentrations of
BCAA (45-50% of infused amino acids) has also been
studied in critically ill humans.'0'2 Some investigators
report that the patients receiving the fortified BCAA so-
lutions conserve more nitrogen.'0 They also contend that
more skeletal muscle protein is conserved and immu-
nologic function improved following catabolic insults.'0
Other studies have failed to demonstrate these responses. 12

This work focuses on the effects of intravenous amino
acid solutions containing varying concentrations of
BCAAs on the regulation of skeletal muscle amino acid
metabolism following a standardized surgical procedure
in the dog. Previous studies with this model of postop-
erative catabolism have demonstrated marked increases
in skeletal muscle protein breakdown and urinary nitrogen
excretion.'3 By measuring hindquarter amino acid flux
and free amino acid concentrations in plasma and skeletal
muscle during the first 24 hours following operation, it
has been possible to evaluate the anticatabolic response
to the infusion of BCAAs and other amino acids.

Materials and Methods

Preparation ofAnimals and Sequence ofStudy

Twenty-seven male and nonpregnant female mongrel
dogs were obtained from a farm where they had been
conditioned and screened for parasites. The dogs weighed
between 18 and 40 kg and were housed for at least 1 week
prior to study in the Harvard Medical School animal care
facility. All procedures were in accordance with the
guidelines of the Committee on Animals at Harvard
Medical School and the Committee on Care and Use of
Laboratory Animals of the Institute for Laboratory Ani-
mal Resources, the National Research Council (DHEW
Publication NIH #78-23, revised 1978). The animals were
kept in individual kennels with 24-hour light exposure
and were exercised each morning. Water was provided
ad libitum, and a single daily feeding of Pro-Pet Respond
2000 dry dog food (Syracuse, NY, at least 25% protein
by weight) was provided between 1:00 and 3:00 P.M. The
animals were trained to rest quietly in a Pavlov sling prior
to study.

All food was removed from the kennels at 5:00 P.M.
the night before basal studies or operation. Basal studies
were performed at 8:JO A.M. after the animal was exercised
and placed in the sling. These studies consisted of the
collection of a blood sample from a cannulated foreleg
vein for plasma amino acid determination and a percu-
taneous needle biopsy of the vastus lateralis muscle per-
formed under sodium thiopental anesthesia (Abbott,
North Chicago, IL, 5 mg/kg body weight), intravenously
(IV) to quantitate intracellular free amino acids. After the
biopsy, with the dog still anesthetized, a 5 ml sample of

arterial blood was obtained by percutaneous puncture of
the femoral artery for analysis ofwhole blood amino acids.
The animal was allowed to recover for 3 days before

further studies were performed. At 7:00 A.M. on the day
of operation, again after an overnight fast, the animal was
exercised and taken to the operating room where it was
anesthetized with sodium pentobarbital (Abbott, North
Chicago, IL, 30 mg/kg body weight, IV) via a foreleg can-
nula. An endotracheal tube was placed, and the animal
was allowed to breathe spontaneously a mixture ofroom
air and oxygen provided at 5 L/min. The dog was placed
on an operating table in the supine position and a 16-Fr.
catheter was placed percutaneously into the superior vena
cava via the external jugular vein. After the starting time
was noted, an infusion of either saline or the appropriate
test amino acid solution was begun via this central catheter
with an IMED pump (San Diego, CA). Cephalothin (Lilly,
Indianapolis, IN, 1 g, IV) was given immediately before
and upon completion ofthe operation. The urinary blad-
der was catheterized, and, after residual urine was dis-
carded, a closed drainage collection was begun at the start
of the infusion and carried on for 24 hours. Urine was
also collected for a second 24-hour period, with the animal
in a metabolic cage after termination of the IV infusion.
The abdomen and flanks of the dog were shaved,

washed with soap and water, and prepared with a povi-
done iodine solution. The animal was sterilely draped,
and the abdomen was entered via an infraumbilical mid-
line incision in females and a right paramedian incision
in males. The bowel was retracted aside and the retro-
peritoneum exposed for complete dissection around the
distal aorta and inferior vena cava. The right deep cir-
cumflex iliac artery and vein, as well as the right internal
iliac artery, were isolated. The two arteries were cannu-
lated with specially prepared catheters consisting of a 6-
cm segment of polyethylene tubing (2.08 mm outside di-
ameter, OD) linked to 2.8 mm OD polyethylene tubing.
One arterial catheter was positioned 6 cm proximally into
the aorta via the circumflex iliac artery, and the other
catheter was placed 1 cm proximal to the aortic bifurcation
but distal to the caudal mesenteric artery, via the internal
iliac artery. A third catheter was inserted into the inferior
vena cava via the deep circumflex iliac vein and positioned
distal to the renal vein. All catheters were secured and
exteriorized through stab wounds in the right flank. The
abdomen was closed in layers and the animal turned on
its left side. The exteriorized catheters were cut to appro-
priate lengths, plugged with blunt needles, capped with
intermittent injection ports (Jelco, Critikon, Tampa, FL),
flushed with saline, filled with heparin (100 U/ml), and
buried subcutaneously. The injection ports were posi-
tioned high in the flanks, allowing easy access to arterial
(aortic) and venous (vena caval) blood by percutaneous
puncture.
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TABLE 1. Composition ofInfused Solutions (Expressed as Grams Infused/24 h/kg)

Essential Amino Acids Nonessential Amino Acids

Solution BCAA* Other Glutamine Other Total Nitrogen

Saline 5 0 0 0 0 0

11% BCAA* + glutamine 6 0.46 0.54 1.64 1.04 0.62
11% BCAA* + NEAAt 3 0.46 0.54 0 2.77 0.62

22% BCAA* = SAAt 6 0.92 1.09 0 2.07 0.62

44% BCAA* + glutamine 4 1.84 0.54 0.82 1.04 0.62
44% BCAA* + NEAAt 3 1.84 0.54 0 1.90 0.62

* BCAA = branched chain amino acids (valine, leucine, isoleucine).
t NEAA = nonessential amino acids found in FreAmine III (alanine,

Following these procedures, which generally took 2
hours, the animal was placed on its side, and body tem-
perature was maintained with blankets during recovery
from anesthesia. Five hours after the start of the infusion
and operation, the animal was placed in the Pavlov sling,
and a solution of 0.5% para-aminohippurate (PAH) was
infused at a rate of0.7 ml/min with a Harvard pump into
the distal aortic catheter. After 40 minutes ofdye infusion,
three sets of simultaneous arterial and venous samples
were obtained at 10-min intervals for measurement of
amino acid and PAH concentrations. The catheters were
then flushed and filled with heparin. The animal was kept
in the sling under constant surveillance until the hind-
quarter flux studies were repeated 24 hours after the start
of the infusion. At this point, the first 24-hour urine col-
lection was terminated, and a repeat percutaneous hind-
limb biopsy was performed on the leg not previously
biqp§jed, again under brief general anesthesia. The infu-
sion was then terminated, and the animal was placed in
a metabolic cage for the second 24-hour period.

Infusion Solutions

All solutions were infused at the rate of 4 ml/min/kg.
Five control animals received 0.9% saline. Amino acid
solutions (Table 1) containing BCAAs at three different
concentrations (11, 22, or 44% oftotal amino acids) were
prepared by adding amino acids to an 8.5% standard
amino acid formula, FreAmine III (American McGaw,
Irvine, CA). The total BCAA infusion rates were 0.46,
0.92, and 1.84 g/24 h/kg, respectively. All three amino
acid solutions were isonitrogenous, providing approxi-
mately 0.624 g of nitrogen/24 h/kg, with a constant ratio
of valine to leucine to isoleucine (1: 1.38:1.05). Nine an-
imals received an 11% BCAA solution, which was made
by dissolving a mixture of nonessential amino acids
(NEAA) in 2.13% FreAmine III to make a solution that
provided 0.624 g ofnitrogen/24 h/kg. In 6 animals, NEAA
consisted ofL-glutamine alone, and, in three, NEAA con-
sisted ofa mixture of all ofthe NEAA found in FreAmine

arginine, glycine, histidine, proline, serine).
t SAA = standard amino acids supplied as FreAmine III.

III (alanine, glycine, arginine, histidine, serine, and pro-
line) in the same ratios as in FreAmine III. Six animals
received 4.25% FreAmine III alone (22% BCAA). The
final seven animals received 2.13% FreAmine III supple-
mented with enough BCAAs to make a 44% solution.
This final formula was made isonitrogenous by adding
NEAA as L-glutamine alone (N = 4) or a mixture of the
NEAA found in FreAmine III (N = 3). All solutions were
sterilized by passage through a 0.22 uM filter (Millipore,
Millis, MA) and stored overnight at 4 C prior to admin-
istration. A 10-ml sample of each solution was taken at
the end of the infusion period and stored at -20 C for
analysis of nitrogen by the macro-Kjeldahl method.'4

Preparation and Analysis of Blood Tissue, and Urine
Samples

Whole blood and plasma samples were deproteinized
by adding an equal volume of ice cold 10% perchloric
acid (PCA) and then centrifuging at 7000 rpm at 4 C for
20 minutes. A 2-ml aliquot ofthe supernatant was buffered
with 0.3 ml of 0.2 M sodium acetate buffer (pH = 4.90),
adjusted to pH 4.75-4.90 with 5 N potassium hydroxide,
brought to a final volume of 4 ml with distilled water,
and centrifuged again. The resulting supernatant was
stored at -20 C for later batch analysis.

During the muscle biopsy procedure, a stop watch was
started at the time of tissue removal. The muscle was
dissected free of fat and connective tissue and divided
into two unequal portions. Multiple weights on each sam-
ple were recorded at 15-second intervals for 1 minute,
and the initial miuscle wet weight at time = 0 was calcu-
lated from the best fit linear regression of weight plotted
against time. The smaller sample (approximately 15-20
mg) was dried to a constant weight in an oven at 90 C,
and the weight of dried fat-free solids was obtained after
extraction in petroleum ether. The sample was then
soaked in 250 ml of 1 N nitric acid, and the chloride
content was measured by titration with silver nitrate using
a semiautomated titrator (Radiometer, Copenhagen,

Vol. 204 * No. S



Ann. Surg. - November 1986

TABLE 2. Volume and Composition of24-Hour Urinary Excretion

Total
Nitrogen Nitrogen Nitrogen Urea N Creatinine Ammonium

Volume Intake Excretion Balance Excretion Excretion Excretion
Infusion N (ml/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg)

Saline 5 43.8 ± 10.2 0* 0.492 ± .02* -0.492 ± .02* 0.409 ± .03* 0.039 ± .002 0.037 ± .005
1 1% BCAA 9 57.5 ± 6.9 0.627 ± .005 0.786 ± .02 -0.160 ± .02 0.697 ± .01 0.033 ± .001 0.049 ± .004
22% BCAA 6 64.2 ± 5.1 0.632 ± .001 0.685 ± .03t -0.053 ± .03t 0.603 ± .03t 0.034 ± .002 0.045 ± .005
44% BCAA 7 74.0 ± 8.2 0.627 ± .003 0.825 ± .05 -0.200 ± .05 0.701 ± .04 0.037 ± .002 0.041 ± .003

* Saline different from treatment groups, p < 0.05.

Denmark). Plasma chloride was also determined by a
similar method. Intracellular and extracellular water was
then calculated using the chloride technique, as previously
described.'5 The second muscle sample (approximately
80-100 mg) was weighed and homogenized in 0.5 ml of
ice cold PCA using a Polytron homogenizer (Brinkmann,
Westbury, NY). The homogenate was centrifuged, and
the supernatant was prepared for analysis by addition of
buffer and by pH adjustment to pH 4.75-4.90, as de-
scribed for blood and plasma samples.
Whole blood, plasma, and muscle intracellular gluta-

mine and glutamate concentrations were determined by
an enzymatic microfluorometric method modified from
the method ofLund'6 or by automated high performance
liquid chromatography (HPLC) after precolumn deriva-
tization with o-phthalaldehyde.'7 The two techniques
yielded comparable results. Other amino acids, except
proline, cystine and lysine, were determined with a similar
HPLC method. The concentration ofPAH in the arterial
and venous blood was determined spectrophotometrically
following deproteinization with 5% trichloroacetic acid.'8

Urine excreted during the 24 hours of infusion was
collected in a closed urinary drainage system and stored
in acidified, refrigerated containers. Aliquots were stored
frozen at -20 C for later batch analysis of nitrogen by the
macro-Kjeldahl method.'4 Another portion was centri-
fuged for 10 minutes at 2000 rpm and frozen for later
analysis of urea and creatinine on the Technicon Auto-
analyzer (Tarrytown, NY).

Calculations and Statistical Analysis

Hindquarter bloodflow was calculated as previously
described.'8 Flux rates for the individual amino acids were
calculated as the product ofbloodflow and arteriovenous
concentration difference. Three sets of samples were

drawn at each time point, the flux was calculated for each
set, and the mean of the three values was determined.
Total amino acid nitrogen flux, as well as plasma, whole
blood, and intracellular nitrogen concentrations, were

calculated as the millimolar sum of the nitrogen groups
of all amino acids measured. Skeletal muscle free intra-

t Different from other 2 amino acid treatment groups, p < 0.05.

cellular amino acid concentrations were expressed per liter
of intracellular water.

Statistical calculations were performed using a standard
statistical package (Minitab, The Pennsylvania State Uni-
versity, State College, PA, 1983). The results are expressed
as mean ± SEM. Paired and unpaired Student's t-tests
were used as appropriate. Analysis of variance was used
for multiple group comparisons. Regression analysis was
performed using the method of least squares.

Results

All animals survived the operative procedure except
for one dog that died shortly after administration of so-
dium pentobarbital, before the start of the intravenous
infusion. This animal was not included in the study. Blood
loss during the procedure was uniformly minimal. All
sample catheters were patent at the 6- and 24-hour time
points, with the exception of one venous catheter at the
24-hour time point in an animal in the 22% BCAA group.

Hindquarter bloodflow at 6 hours was 36.1 ± 6.8 ml/
min/kg in the saline control group and was not affected
by treatment (11% BCAA, 33.3 + 4.9; 22% BCAA, 42.4
+ 8.8; 44% BCAA, 28.7 ± 3.5; differences not significant).
Flow at 24 hours was unchanged (57.9 ± 10.2, 38.6 + 8.2,
54.9 ± 6.5, 49.7 ± 13.2, respectively). The tendency to-
ward higher flow rates and increased variability at 24 hours
may be attributable to greater motor activity of the ani-
mals after full recovery from anesthesia.

Urinary Nitrogen Excretion and Nitrogen Balance

Following operation, the volume of urine excreted was
comparable in the four treatment groups, although the
dogs receiving saline alone tended to excrete less urine
volume (Table 2). Urinary nitrogen excretion averaged
0.492 ± 0.020 g/24 h/kg in the saline group. The amino
acid treated animals excreted 35-65% more nitrogen than
the saline group, primarily in the form of urea. The dogs
infused with the 22% BCAA solution excreted significantly
less urea nitrogen and less total nitrogen than the 11 or
44% BCAA groups. Excretion ofcreatinine and ammonia
was comparable in all groups.
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Blood urea nitrogen and plasma creatinine were mea-

sured before and 24 hours following operation in selected
animals from all groups. These concentrations were nor-
mal in all animals before operation and fell slightly or did
not change after operation. Thus, the rate of urinary ex-
cretion ofurea was similar to the rate ofurea production;
the higher urea production observed in the animals re-
ceiving the 11 and 44% BCAA solutions was significantly
related (p < 0.05) to the extra nitrogen provided by ad-
dition of BCAA or NEAA to the balanced amino acid
mixture.

Nitrogen balance was less negative with amino acid
administration; approximately 50% ofthe infused amino
acid nitrogen was retained. Because nitrogen intake was
the same in all animals receiving amino acids, the alter-
ations in nitrogen excretion already discussed were re-
flected in nitrogen balance (Table 2). Thus, the animals
receiving the 22% balanced amino acid solution achieved
significantly greater nitrogen retention than the dogs re-
ceiving solutions containing 11 or 44% BCAA.

Whole Blood Amino Acid Concentrations

In the saline-treated animals, whole blood amino acid
nitrogen fell at 6 hours after operation but returned to
normal preoperative levels by 24 hours (Table 3). This
transient hypoaminoacidemia was accounted for in large
part by a decrease in the concentration ofthe nonessential
amino acids (glutamine, alanine, arginine, serine, and as-
paragine), although significant decreases in some essential
amino acids also occurred (threonine and tyrosine). In
contrast, the animals receiving amino acid infusions
maintained whole blood amino acid nitrogen concentra-
tions at 6 hours after operation. These levels increased
above preoperative control levels by 24 hours (p < 0.05).

Concentrations of specific amino acids in the blood of
the animals receiving amino acid infusions reflected the
composition ofthe solutions infused. For example, BCAA
concentrations were related to the rate of BCAA admin-
istration at both 6 and 24 hours (Fig. 1). In general, whole
blood glutamine concentrations at 6 hours were lower
than preoperative levels (Table 3). The exception was the
group receiving glutamine enriched 11% BCAA solution,
in which the blood glutamine concentration was main-
tained. In these animals, glutamine comprised more than
one half of the nonessential nitrogen and accounted for
more than 40% of the total amino acids delivered. By 24
hours, the animals receiving glutamine-containing solu-
tions tended to have higher than normal whole blood glu-
tamine concentrations.

Skeletal Muscle Intracellular Free Amino Acids

In the saline-treated animals, intracellular free amino
acid nitrogen fell significantly by 24 hours after operation

when compared to preoperative levels (Table 4). This
change was accounted for in large part (65%) by the
marked fall in intracellular glutamine, which comprised
a major portion of the total intracellular free amino acid
pool. In the animals receiving amino acid infusions, in-
tracellular nitrogen was maintained, although intracellular
glutamine fell in the animals that received the glutamine-
free 11% BCAA solution. Intracellular glutamine tended
to increase in the animals receiving glutamine-enriched
solutions, and BCAA concentrations increased in pro-
portion to the rate of BCAA infusion.

Hindquarter Amino Acid Flux

In the saline-treated animals, there was net release of
amino acid nitrogen from the hindquarter at 6 hours after
operation (Table 5). This increased amino acid efflux re-
flected accelerated release of almost all amino acids mea-
sured, including the BCAA. At this time period, glutamate
and aspartate were the only amino acids that maintained
balance across the hindquarter. At 24 hours after opera-
tion, the rate of hindquarter amino acid nitrogen release
had diminished, and, although highly variable, the arte-
riovenous differences for almost all amino acids could
not be distinguished from zero. Glutamine efflux persisted
at this time point.

In all groups ofanimals receiving amino acid infusions,
hindquarter amino acid nitrogen efflux at 6 hours was
similar and was significantly less than in the saline-treated
animals (p < 0.05). Both glutamine and alanine effiux at
6 hours tended to be less in the animals receiving amino
acids than in the saline controls. While BCAAs were re-
leased at 6 hours in the saline-infused animals, these
amino acids were taken up in the dogs receiving amino
acid infusions. BCAA hindquarter uptake was related to
the rate ofBCAA administration (Fig. 2) and whole blood
BCAA concentrations (Fig. 3).

At 24 hours, hindquarter amino acid nitrogen efflux
was similar in all the amino acid infusion groups and
unchanged compared to 6 hours. At 24 hours, BCAA
hindquarter exchange was slightly positive, tending to be
greater in the 22 and 44% BCAA groups. At this time,
BCAA uptake was unrelated to blood concentrations and
rate ofBCAA administration.

Relationship between BCAA Infusion, BCAA Hindquarter
Uptake, and Hindquarter Amino Acid Nitrogen Release

In the saline-infused dogs at 6 hours, hindquarter BCAA
release was associated with accelerated amino acid effilux.
In the animals receiving amino acid infusions, the hind-
quarter nitrogen balance correlated with BCAA uptake
(Fig. 4). Saline controls were not included in this analysis
since they were not receiving nitrogen; inclusion ofcontrol
animals would have resulted in a regression line with a
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TABLE 3. Whole BloodAmino Acid Profile (umol/L, Mean ± SEM)

Saline I11% BCAA

GLN NEAA

Pre 60 240 Pre 60 240 Pre 60 240

GLN 724.0 ± 55 565.0 ± 53* 764.0±64 764.0 ± 63 754 ± 57 1108 ± I 10* 808 ± III 626.0±20.6 679.9 ± 55.2

ALA 431.9 ±42.6 257.9± 13.4* 325.0±56* 429.0±38.8 270.7±35.1* 290.9±14.8* 344.1 ±81 364.0± 101 481.0± 152

GLY 414.0±90 212.0± 14.5 239.9± 16.1 439.0±57 419.0±63 469.0±60 194.3±38.7 509.5±34.4* 595.0±89*

ARG 241.2 ± 27 152.5 ± 7.9* 175.0± 9.1 262.1 ± 39.3 221.5 ± 18.2 265.9 ± 23.1 177.1 ±29.6 229.8 ± 33.1 296.2 ±41.2*

SER 131.4±9.3 96.8±8.1* 140.4±8.4 166.7±22.9 142.3±5.7 179.3± 11.7 118.0±24.8 222.5±22.2* 293.6±36.9*

ASP 29.8 ± 5.4 27.6 ± 4.6* 29.3 ± 4.2 30.3 ± 3.7 25.9 ± 2.8 30.6 ± 3.4 27.1 ± 3.8 23.4 ± 4.1 22.3 ± 3.9

ASN 39.7 ± 4.9 26.7 ± 2.1 54.7 ± 2.6* 48.0 ± 3.8 31.6 ±1.1* 50.4 ± 3.9 54.1 ± 8.7 33.1 ± 4.6* 47.6± 8.0

GLU 65.8 ± 4.7 68.0 ± 4.1 72.3 ± 3.9 66.1 ± 4.3 67.1 ± 5.0 66.9 ± 2.6 66.0 ± 10.7 75.8 ± 11.4 63.6 ± 4.9

HIS 109.8 ± 8.3 108.0± 11.9 122.0± 10.1 105.1 ± 14.3 115.9 ± 10.0 133.9 ± 10.0 88.2 ±6.0 116.8±6.6* 133.1 ± 11.9*

TYR 72.8 ± 7.3 54.9 ± 1.2* 66.2 ±4.8 91.3 ±24.6 53.3 ± 5.0 63.9 ± 4.9 52.1 ± 5.7 45.1 ±0.1 54.3 ± 3.9

TAU 264.3±39.3 411.0±46* 441.3±29.5* 346.0±73 467.0±58 474±62 317.5±45.1 401.3±45.9 459±65*

MET 12.3 ± 0.9 16.6 ± 1.9* 40.8 ± 2.6* 42.2 ± 10.2 33.9 ± 6.2 54.3 ± 9.5 25.7 ± 3.0 20.7 ± 8.4 33.1 ± 6.8

THR 239.0 ± 29 160.5 ± 28.4* 281.7 ± 28.7 264.0 ± 66 204.6 ± 30.5 306.3 ± 35.9 241.9 ± 24.5 245.2 ± 15.9 277.0±67

PHE 44.7 ± 4.1 52.9 ± 4.6 69.3 ± 4.7* 45.9 ± 5.4 74.2 ± 5.8* 89.7 ± 5.7* 41.9 ± 3.1 66.3 ± 2.0* 82.5 ± 4.4*

VAL 149.5±11.3 143.4±8.4 210.3±13.9* 165.9±24.5 225.1±32.0 250.5±22.9* 135.2± 16.8 203.9±18.0* 271.0±10.2*

ILE 53.1±5.0 54.4±3.8 85.7±4.2* 55.9±5.8 97.3±14.1* 112.6±9.5* 45.4±7.1 90.0±9.5* 121.6±4.4*

LEU 102.7 ± 7.4 96.2 ± 7.1 153.2 ± 7.3* 105.2 ± 5.6 153.2 ± 29.7 166.6 ± 15.8* 99.0 ± 19.0 140.7 ± 16.3 179.6 ± 5.8*

Total
BCAA 305.3 ± 23 294.0± 17.6 449.3 ± 24.8* 322.31 ± 30.9 475.6 ± 68.1 534.7 ± 51.0* 279.6 ± 35.0 434.6 ± 35.7 562.1 ± 9.2*

Total
nitrogenf 4.72 ± 0.36 i3.82 ± 0.08* i4.87 ± 0.20 5.27 ± 0.38 5.06 ± 0.20 6.69 ± 0.44* 4.40±0.50 i5.00±0.31 5.96 ± 0.64*
* p <0.05, different from Pre.

t Units expressed as mmol/L. Table continues on facing page.

more positive slope. The correlation was maintained even hindquarter amino acid nitrogen efflux was corrected for
ifBCAA flux was not included in the summation of hind- changes in the intracellular nitrogen pool. Since the flux
quarter amino acid nitrogen flux (p < 0.02, r = 0.49). and pool measurements were made at different points in
Thus, nitrogen flux exclusive of BCAA flux was also re- time, we made this correction by assuming two different
lated to BCAA uptake. Nitrogen flux did not correlate rates ofchange in the intracellular amino acid pool. First,
with total BCAA concentration in the blood or the rate we assumed that the change in the intracellular pool oc-
ofBCAA administration. None of these relationships ex- curred in the first 6 hours after operation. Alternatively,
isted at the 24-hour time point. we assumed that the change occurred at a constant rate

Hindquarter amino acid nitrogen release at 6 hours over 24 hours. Neither correction altered the relationship
also correlated with changes in the intracellular free amino between the change in the intracellular nitrogen pool and
acid nitrogen pool (Fig. 5). Alterations in intracellular amino acid nitrogen efflux.
glutamine were closely related to changes in the total free BCAA uptake was not related to increased glutamine
amino acid nitrogen pool (p < 0.001, r = 0.90), and, thus, release from the hindquarter at 6 or 24 hours. BCAA up-
changes in the glutamine pool were also significantly re- take was also unrelated to the changes that occurred in
lated to hindquarter nitrogen efflux (p < 0.05; r = 0.66). the skeletal muscle intracellular free amino acid pool (r
These mathematical relationships were maintained when = 0.1 1, not significant). Hindquarter nitrogen flux could

518
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TABLE 3. Continued

22% BCAA 44% BCAA

GLN NEAA

Pre 60 240 Pre 60 240 Pre 60 240

693.0 ± 77 493.6 ± 29.7* 648.7 ± 38.3 961.0± 130 723.6 ±44.2 1040±66 861.5 ±40.5 607.0 ± 23.4* 558.0 ± 33.5*

379.0 ± 62 327.7 ± 38.0 366.0 ± 43 407.0 ± 55 242.2 ± 29.6 240.3 ± 9.7 372.0 ± 103 362.6 ± 49.1 359.1 ± 34.9

381.0±67 521.9± 33.3* 559±51* 247.0± 32.9 330.1 ± 88 255.4± 18.2 243.3 ± 51.4 376.7 ±28.2* 420.7 ± 16*

208.9 ± 19.7 254.8 ± 8.3* 323.8 ± 19.3* 185.2 ± 17.4 184.9± 8.8 181.5 ± 5.6 191.2 ± 1.8 229.2 ± 15.0 261.9±9.3*

126.2 ± 7.9 162.4± 11.0 223.9 ± 12.1* 130.6 ±6.3 135.5 ± 7.9 143.2 ± 11.9 153.6 ± 14.1 188.2±8.9 226.6 ± 18*

21.6±1.9 18.9±1.8 24.6±1.3 39.1±12.2 27.6±2.1 21.7±1.0 27.4±4.1 24.6±2.8 21.7±1.7

37.9±6.8 22.9±2.1 37.1±4.1 56.1±4.7 32.0±1.9* 47.6±3.3 55.6±2.8 26.3±1.0* 38.4±4.6

51.2 ±4.3 51.74 ± 3.2 55.7 ± 2.5 62.0 ± 2.8 68.3 ± 3.9 59.5 ±4.0 72.6 ±9.6 66.4 ± 8.8 50.8 ± 7.4*

100.3 ±7.1 121.2± 15.6 136.7 ± 11.7* 104.2 ± 5.8 119.9± 11.2 103.1 ± 1.6 92.0± 1.6 1 1 3.9±2.5* 109.3±4.3*

65.7 ± 5.8 54.2 ± 2.6 69.2 ± 2.6 63.3 ± 6.4 52.8 ± 5.2 45.9 ± 4.6* 62.5 ± 6.6 45.1 ± 5.4* 48.5 ±4.3

248.9 ± 32.7 327.7 ± 38* 430 ± 49* 317.8 ± 17.4 360.4 ± 48.7 295.5 ± 22.6 343.3 ± 31.6 444.9 ± 11.6 412.5 ± 32

23.5 ± 6.7 52.0± 14 95.4 ± 9.1* 33.7 ± 6.6 14.2 ± 3.7* 32.4 ±4.8 35.0 ± 13.2 22.8 ±6.5 43.3 ± 3.7

253.5 ± 29.4 239.7 ± 15.6 347.1 ± 31.3* 227.7 ± 38.8 254.9± 34.4 224.4 ± 10.7 208.4± 8.2 185.7 ±9.9 204.1 ± 18

45.5 ± 3.4 94.6±2.1* 103.1 ± 4.5* 43.1 ±2.5 63.5 ± 7.3 73.8 ± 4.9* 37.2 ± 1.3 58.0 ± 3.9* 72.9 ± 6.7*

137.6±17.3 304.1±26.4* 391.5±21.3* 128.2±8.2 446.7±42.6* 636.8±24.4* 155.1±11.3 513.1±16.7* 805.1±16.0*

49.6 ± 6.7 137.2 ± 16.8* 175.6 ± 8.9* 43.2 ±4.2 177.0 ± 15.4* 257.2 ± 8.7* 57.1 ± 3.3 211.7 ± 8.6* 325.9 ± 10.0*

100.5±15.4 196.2±24.6* 263.4± 16.7* 95.1 ±7.1 280.6±21.6* 420.4± 15.9* 121.5± 1.6 341.2±13.7* 524.8±19.0*

299.1 38.4 637.0±67* 830.0±45* 266.4±15.8 904.4±68.8* 1314.4±42.3* 333.7 ±12.2 1 066.0± 31.2* 1638.5 ±49.6*

4.71 ±0.31 5.08 ±0.17 6.31±0.19* 4.93 ±0.28 5.07 ±0.21 5.92 ±0.18* 4.76 ±0.26 5.37 ±0.10 6.03 ±0.01*

be predicted and most of the variability in the data could
be accounted for when both BCAA 6-hour flux and the
change in the free amino acid nitrogen pool were utilized.
The relationship was:

y = -9.58 + 0.27x, + 3.02x2,

where y = amino acid nitrogen flux at 6 hours (gmol/
min/kg), xl = BCAA flux at 6 hours (gmol/min/kg), x2
= change in skeletal muscle intracellular free amino acid
nitrogen (postoperative - preoperative, mmol/L/24 h),
with N = 22, p < 0.05, and r = 0.86.

Discussion

A standardized laparotomy in anesthetized dogs has
been shown to initiate many of the same catabolic re-

sponses observed in critically ill humans. Total body pro-
tein catabolism, as measured by urinary nitrogen excre-
tion, is increased. The control animals receiving saline
excreted approximately 12-15 g of nitrogen in the first
24 hours following operation. Prior studies in this model
have demonstrated that nitrogen balance remains negative
for 3 days following the operative procedure in spite of
food intake.'9 In contrast, pair-fed sham-operated animals
achieve nitrogen equilibrium in the first postoperative day.
Consistent with and contributing to the increased urinary
nitrogen loss, hindquarter release of total amino acid ni-
trogen at 6 hours following operation was 6-8 times that
observed in control animals after an overnight fast. 8 Other
changes in the saline-treated dogs, such as a decrease in
blood and skeletal muscle amino acid concentrations are
similar to alterations reported during catabolic states in
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FIG. 1. Total BCAA level in arterial blood increases with the rate of
administration of BCAAs. Data represent mean ± SEM. Data from an-

imals receiving saline are not included.

humans.4 Thus, the canine model exhibits postoperative
responses that are similar to alterations in critically ill
humans and is suitable for examining the effects of ex-

ogenous amino acids on nitrogen metabolism and skeletal
muscle amino acid exchange.

In the saline-treated animals, hindquarter release of
amino acid nitrogen was markedly increased 6 hours after
operation. This was associated with a net skeletal muscle
release of all the BCAAs. At the same time, whole blood
BCAA concentrations were unchanged, indicating that
consumption of BCAA in visceral organs was roughly
equivalent to the accelerated rate of skeletal muscle re-

lease. In the animals receiving amino acids, hindquarter
total amino acid release was attenuated, whole blood and
skeletal muscle nitrogen pools were maintained, and the
hindquarter was converted from an organ ofBCAA release
to one of uptake. BCAA and, more specifically, leucine
uptake was not associated with increased skeletal muscle
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FIG. 2. Relationship between hindquarter BCAA flux and BCAA infusion
rate.
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FIG. 3. BCAA flux across the hindquarter 6 hours after operation increases
as the concentration ofBCAA in arterial blood rises.

release of glutamine. These results differ from previously
published findings in which oral leucine20 or intravenous
infusion of BCAAs2' was associated with increased fore-
arm glutamine production in normal humans. This dis-
parity in results may be due to alterations in BCAA me-

tabolism in skeletal muscle caused by the catabolic stim-
ulus in the postoperative dogs.

Hindquarter BCAA uptake correlated with the rate of
BCAA infusion and with whole blood BCAA levels. There
was also a significant correlation between hindquarter
BCAA uptake and diminished total amino acid nitrogen
release. In spite of these relationships, however, skeletal
muscle nitrogen release was not related to the rate of
BCAA infusion. Thus, while skeletal muscle amino acid
nitrogen release was related to skeletal muscle BCAA up-

take, this response did not occur in a predictable manner
when BCAAs were administered intravenously. It is pos-
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FIG. 4. Hindquarter nitrogen flux is related to the hindquarter BCAA
flux 6 hours after operation.
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FIG. 5. Relationship between hindquarter nitrogen flux 6 hours after
operation and the change in muscle intracellular amino acid nitrogen
measured 24 hours after operation.

sible that hormones (e.g., insulin) or other substrates be-
sides the BCAAs may determine muscle uptake ofBCAAs.
This, in turn, could account for the wide range of results
observed in the clinical trials reported to date.

In addition to BCAA uptake, hindquarter nitrogen bal-
ance was significantly correlated with changes in either
the labile pool of skeletal muscle amino acid nitrogen or
the muscle-free glutamine concentration. As the intra-
cellular concentration ofglutamine and total amino acids
decreased, the net efflux of skeletal muscle amino acids
increased. In all three amino acid infusion groups, the fall
in intracellular amino acid nitrogen observed in saline-
control animals was prevented. This may have resulted
from several different mechanisms, including increased
synthesis of glutamine from BCAAs and a diminished
intracellular/extracellular gradient for glutamine, as seen
with the provision of glutamine in the amino acid solu-
tions. Whatever the mechanism, these data suggest that
skeletal muscle nitrogen balance is related either directly
or indirectly to the intracellular amino acid concentration.
In a cultured skeletal muscle cell line, glutamine has been
shown to inhibit protein degradation.22 It is possible that
our findings in postoperative dogs result from a similar
regulatory effect of glutamine.

This study demonstrates that skeletal muscle amino
acid release and, hence, the net turnover ofmuscle protein
can be predicted from two independent measurements.
These are the rate ofBCAA flux across the skeletal muscle
vascular bed and the concentration of nitrogen in the
skeletal muscle free amino acid pool. Skeletal muscle
BCAA uptake appears not to be determined simply by
the rate of intravenous infusion of amino acids. In con-
trast, the skeletal muscle intracellular pool ofamino acids
can be predictably maintained by administration ofamino
acid solutions. Further work is necessary to investigate
the mechanisms that influence BCAA uptake by skeletal
muscle and the intracellular concentrations ofamino acids
and/or glutamine during critical illness. With better un-

derstanding of these metabolic responses, it may be pos-
sible to reduce consistently and effectively net skeletal
muscle protein catabolism in critically ill patients.
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