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Abstract—1. Plasma levels of individual amino acids in pigs are closer to those in humans than to those
in rats.

2. During the liver transplant operation in the pig, in the unhepatic phase there is a rapid risc in
plasma, alanine and ornithine levels and a decrease in glutamate, aspartate and arginine.

3. After liver transplant there is an increase in most amino acids which is most striking in alanine,
lysine and ornithine while plasma levels of arginine remained undetectable.

4. These findings demonstrate the role of the liver as the main receptor of most amino acids released
from muscle protein.

5. Although the method used is valid as an experimental model for liver transplant in humans, the
preservation of the liver must be modified to avoid the intense proteolytic activity which contributes to
the plasma amino acid changes observed after transplant.

INTRODUCTION

The liver is the main site of deamination of amino
acids to ammonia and ketoacids which are later con-
verted to carbohydrates, fatty acids or ketone bodies
(Schepartz, 1973; Ruerman et al., 1964). In the fasted
state, there is an increased flux of amino acids from
peripheral tissues toward the liver (Goldberg, 1980;
Goldberg & Chang, 1978) where gluconeogenesis is
enhanced (Schimmel & Knobil, 1970; Herrera er al.,
1969; Llobera & Herrera, 1980). It is well known that
the kidney cortex may also participate in the synthesis
of glucose from amino acids, especially in the fasted
state (Owen et al., 1969; Mehlman et al., 1967). The in
vivo comparative contribution of either organ to the
changes in plasma amino acid levels that occur in the
fasting state have not been established. In the present
study, the liver transplant technique has been used in
the pig to investigate the role of the liver in individual
plasma amino acids levels in the fasting conditions.
Since the basal plasma level of individual amino acids
in the pig could substantially differ from that of other
mammals, the study was initiated by securing such
determinations in young humans and rats to make
the proper comparisons.

MATERIALS AND METHODS

All subjects studied were fasted overnight before blood
exiraction. In young women volunteers (22-32yr old),
blood was collected from a cubital vein into heparinized
syringes. Female Wistar rats (150-160 g) were sacrificed by
decapitation and blood was collected from the neck into
heparinized beakers. Basal blood samples were also col-
lected from female Large White pigs (20-28 kg) under halo-
phane anesthesia (Camprodon et al., 1974) from the exter-
nal jugular vein into a heparinized syringe.

Eight pigs reccived an orthotopic liver transplant under
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halophane anesthesia (Camprodén et al, 1974; Campro-
don er al., 1973), according to a surgical technique already
described (Camprodon et al, 1974; Camprodén et al.,
1973; Camproddn et al., 1975). After infusion through the
portal vein of 21 of cold (4°C) heparinized saline (5000 U
and heparin/1), the liver was preserved in ice. At different
times blood samples were collected from the external jugu-
lar vein into heparinized tubes. All the blood samples were
immediately centrifuged at 3000 rpm for 10 min at 4°C and
plasma aliquots were kept frozen until processing. Plasma
aliquots were deproteinized with 10%, S-sulphosalicylic
acid in 0.1 N HCI and used for the evaluation of individual
amino acids in a 121 MB Beckman amino acid autoana-
lyzer (Martin del Rio & Latorre Caballero, 1980). Norleu-
cine was always used as internal standard. Statistical com-
parison between the groups was done with the Student
t-test.

RESULTS

In Table 1 the values are summarized of plasma
levels of individual amino acids in female humans,
pigs and rats after an overnight fast. The values in
pigs are closer to those in humans than those in rats.
However, the plasma levels of glutamine are signifi-
cantly lower and those of alanine, aspartate, glycine,
proline, ornithine, citrulline, valine and isoleucine are
significantly higher in the pig as compared with the
human. In the rat, the plasma levels of glutamate,
ornithine, histidine and cystine are significantly
reduced and those of glutamine, aspartate, glycine,
threonine, serine, proline, lysine, arginine, citrulline,
isoleucine, methionine, tyrosine, tryptophan and
phenylalanine are significantly augmented when com-
pared to their levels in humans.

The changes in amino acid levels in plasma during
liver transplant in pigs are shown in Table 2,
expressed as the percentage of values before the unhe-
patic phase. In the gluconeogenic amino acids group,
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Table 1. Plasma levels of individual amino acids in young female humans, pigs and rats after overnight

fast
P P P
Human (human Pig (pig vs Rat (rats vs
(5) Vs pig) 8) rat) (6-7) humans)
Gluconeogenic amino acids
Alanine 320 + 25 <0.05 460 + 38 NS 380 + 16 NS
Glutamate 179 + 7 NS 167 + 14 <0.001 92 + 4 <0.001
Glutamine 463 + 24 <0.001 224 + 33 <0.001 648 + 17 <0.00t
Aspartate 10+ 1 <0.001 51+3 <0.001 29+ 1 <0.001
Glycine 233 + 24 <0.01 669 + 89 <0.05 408 +9 <0.001
Threonine 153 + 15 NS 193 + 42 <0.05 333 + 19 <0.001
Serine 134 +9 NS 193 + 29 <0.05 268 + 5 <0.001
Imino acids
Proline 126 + 5 <0.001 280 + 17 <0.001 146 + 2 <0.01
Hydroxyproline 148 + 8
Basic amino acids
Lysine 157 + 11 NS 213 + 33 <0.01 383 + 38 <0.001
Arginine 81 +4 NS 119 + 21 NS 154 + 7 <0.001
Ornithine 67 + 10 <0.05 167 + 28 <0.001 29 +2 <0.01
Histidine 74 +3 NS 86 + 12 NS S9+3 <0.01
Citrulline 26 + 2 <0.05 58 +8 NS 69 + 3 <0.001
Branched chain amino acids
Valine 201 + 8 <0.05 324 + 38 <0.01 191 + 11 NS
Leucine 101 + 6 <0.05 203 + 28 <0.05 125 + 11 NS
Isoleucine 53+ 4 <0.01 152 + 21 <0.01 81 + 6 <0.01
Sulphur amino acids
Cystine 113+ 4 55+ 3 <0.001
Methionine 23+ 1 51+3 <0.001
Taurine 99 + 7 NS 90 + 19 <0.05 162 + 27 NS
Aromatic amino acids
Tyrosine 51+ 5 NS 85 + 14 NS 74 + 3 <0.01
Tryptophan 454+ 14 NS 54 +7 <0.001 100 + 7 <0.01
Phenylalanine 63 +3 NS 93 + 14 NS 7543 < 0.05

Values are expressed as means + SEM and correspond to umol/1. (n in parentheses). NS = not

significant (P > 0.05).

alanine is the only amino acid with a plasma concen-
tration that increases during the unhepatic phase, as
compared with basal values, while the levels of both
glutamate and aspartate are significantly reduced and
those of the other gluconeogenic amino acids are
unchanged during this phase. Liver transplant pro-
duced a further increment in the plasma level of ala-
nine which persisted until 90 min after transplant.
Glutamate and aspartate recovered their basal levels
after transplant and no other changes were observed
in the remaining amino acids in this group. Proline
levels did not change during the operation and hy-
droxyproline levels, after an initial decrease during
the unhepatic phase, did not differ significantly from
the basals. In the basic amino acids group, lysine did
no change during the unhepatic phase (Table 2) but
increased significantly from the first min after trans-
plant and maintained a high level throughout the
90 min studied. Arginine almost disappeared from the
blood at the onset of the unhepatic phase and its
levels remained undetectable after transplant. Con-
trary to arginine, the levels of ornithine were immedi-
ately enhanced after hepatectomy and were further
augmented after transplant. Neither citrulline nor his-
tidine levels changed in plasma during the experi-
ment. Among the sulphur amino acids, taurine in-
creased progressively after hepatectomy and showed
significantly high values at 30 min (Table 2). After

transplant, taurine levels remained high, being signifi-
cantly increased at 1, 5 and 15min in comparison
with basal values. In the aromatic amino acids group
there was no change in tyrosine and phenylalanine
during the unhepatic phase while they both increased
after transplant, and phenylalanine values were sig-
nificantly augmented at 15min. On the contrary,
tryptophan levels progressively decreased during the
unhepatic phase and remained low until 30 min after
transplant. Levels of the branched chain amino acids
were unmodified during the unhepatic phase and rose
after transplant to levels which were significant for
leucine and isoleucine at 15min and for valine at
90 min, in comparison with basal values.

DISCUSSION

Basal values of individual amino acid levels
recorded in female humans and in rats after overnight
fast were similar to those previously reported using a
different methodology (Feling et al., 1972; Young &
Prenton, 1969; Palou er al, 1977; Alemany et al,
1978). Valyes in pigs differed from those recently
reported by Montgomery er al. (1980) but in addition
to using a different sex and strain of animal, they
provided specifically treated diets (Montgomery et al.,



Table 2. Percentual changes of plasma levels of individual amino acids during the liver transplant in the pig

Unhepatic phase

Post-transplant

Minutes 1 5 15 30 1 5 15 30 60 90
Gluconeogenic amino
acids
Alanine **133+ 9 *131 + 12 **147 4+ 14 *159 + 19 *¥*152 + 14 166 + 30 *¥*%251 + 46  **208 4 40 **208 + 48 *254 + 69
Glutamate *TT+9 **67 + 8 **50 4+ 3 *¥**62 + 3 95 + 11 85 + 19 108 + 8 103+ 9 118 + 8 101 + 11
Glutamine 84 + 16 97+ 6 119 + 14 109 + 14 126 + 34 91 + 13 116 + 5 84 + 12 97+ 3 89 + 14
Aspartate 83+ 10 *71 + 13 *73 + 14 91 + 11 94 + 23 89 4+ 7
Glycine 1124+ 6 82 + 15 108 + 9 1074+ 9 112 + 10 113 + 17 101 + 14 104 + 18 115 + 18 109 + 4
Threonine 113+ 6 99 +9 109 + 12 108 + 10 108 + 9 112 + 14 134 + 16 126 + 23 119 + 14 110+ 9
Serine 109 + 10 94 + 10 101 4+ 12 99 + 15 97 + 19 107 + 11 123 + 15 116 + 10 108 + 9 109 + 6
Imino acids
Proline 97 +7 90 + 9 99 + 11 1024+ 9 97 + 10 103 + 14 97 +9 100 + 17 126 + 18
Hydroxyproline *Bl1 +6 87 +8 114 + 3 97 +5 108 + 6 94 + 4 110 + 8
Basic amino acids
Lysine 109 + 8 113 £ 19 119 + 14 107 + 9 **%140 + 7 **148 + 10 *172 + 19 **153 +9 **142 + 3 **179 + 6
Arginine ***¥204+ 6 ¥R + 1 ***35+ 3 **432 + 11 ND ND ND ND ND ND
Ornithine *173 + 30 **182 + 23 *160 + 20 *171 + 26 **194 4 25 *180 + 15 *¥299 + 70 **361 + 81 *¥*353 + 52 *413 + 110
Citrulline 84 +9 87 + 10 95 +9 92 +8 103 + 17 88 + 17 115 + 15 118 + 9 121 + 31
Histidine 98 + 12 97 + 8 98 + 15 109 + 15 92 + 10 72 + 21 101 + 18 99 + 22 119 + 18 113+ 9
Sulphur amino acids
Taurine 114 + 22 116 + 20 155 + 28 *163 £+ 23 *174 + 29 *196 + 45 *170 + 22
Aromatic amino acids
Tyrosine 102 + 10 80 + 15 85 + 15 99 + 12 96 + 20 94 + 15 118 + 21 161 + 50 147 + 31 135 + 22
Phenylalanine 105 + 8 91 + 15 92 + 8 103 + 10 104 + 13 89 + 21 *146 + 14 146 + 26 135 + 89 151 4+ 36
Tryptophan 85+ 11 89 +9 76 + 10 *69 + 10 *65 + 14 *63 + 10 *52 + 12 *53 + 17 79 + 17 98 + 6
Branched chain amino
acids
Valine 106 + 5 97 + 4 98 + 7 95+5 94 + 5 93 +9 115+ 6 13 4+ 7 114 + 12 **128 + 7
Leucine 98 + 15 105 + 7 104 + 6 106 + 4 116 + 12 110 + 13 **145 4+ 12 *¥*157 + 9 **133 + 11 **166 + 10
Isoleucine 92 + 16 99 +6 92 + 7 92 + 10 95 + 12 93 + 15 *126 + 10 **161 + 16 *110 + 3 *1234+ 5

Values are exposed as means + SEM of 8 animals. They correspond to the percentage of the basal values found before the unhepatic phase (shown in the Table 1). Statistical

comparison with the basals (100%) is shown by asterisks: * = P < 0.05, ** = P < 0.01, ¥*** = P < 0.001, No asterisks = not significant (P > 0.05). ND = not detectable.
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1980; Montgomery et al., 1978) that may affect the
circulating amino acid patterns. The levels of individ-
ual plasma amino acids observed in our study in
humans and pigs were very similar and differed sub-
stantially from those of the rat which were usually
higher. These findings suggest that the pig is a better
experimental model than the rat for the investigation
of amino acid metabolism in humans. Although any
comparisons between these species must be made
with caution due to their obvious differences, results
indicate that, in the rat, muscle protein breakdown is
faster compared with utilization of amino acids by the
splacnic bed organs, producing higher amino acid
levels in plasma, in comparison with these activities in
humans or pigs. This amino acid balance is seen most
clearly during orthotopic liver transplant in the pig.
The marked alterations of plasma amino acid levels
during liver transplant in the overnight fasted pig is
probably due to the equilibrium established between
their incorporation to circulation, coming from
muscle protein breakdown, and their removal or
excretion, as it has been described in human injury
(Williamson, 1980). During this unhepatic phase, ala-
nine is the only gluconeogenic amino acid with an
augmented plasma level. This finding coincides well
with the recently proposed role of muscle alanine as
the main gluconeogenic substrate for the liver (Snell,
1980). Although muscle proteolysis is augmented in
the fasted state (Goldberg & Chang, 1978), it has been
suggested that other amino acids (mainly the
branched chain ones) (Snell, 1980) are converted to
alanine and released to the circulation for its conver-
sion to glucose by the liver. Thus the specific increase
in the plasma level of alanine during the unhepatic
phase is in agreement with hypothesis. The reduction
of plasma levels of other gluconeogenic amino acids
during this phase, such as glutamate and aspartate,
may be explained by their important role in the
transfer of a-keto acid compounds throughout the
mitochondria membrane (Williamson, 1976) and their
use as energetic substrates (Feling, 1973). It may be
possible that their decrease in the unhepatic phase in
plasma corresponds to their augmented utilization by
peripheral tissues to compensate for the reduction in
available glucose which is usually derived from the
liver so that its level must be reduced, as has been
shown in the rat during hepatectomy (Carmaniu &
Herrera, 1980).

The enhancement in taurine levels during the unhe-
patic phase also deserves comment. Although this
amino acid is not a component of tissue proteins
(Huxtable, 1976), in the fasting state it must come
from the heart and/or skeletal muscle which contain
the highest amounts in the body (Awapara, 1976).
Thus its rise in plasma during the unhepatic phase
may represent an augmented release into circulation
of this amino acid from those tissues or a reduced
removal due to the absence of the liver. Further work
should clarify these possibilities. The changes in the
plasma levels of basic amino acids directly related to
the urea cycle are also striking during the unhepatic
phase. The disappearance of arginine from circulation
is in opposition to the increase in ornithine and sug-
gests that the changes in the former are not due to an
augmented catabolism but to its impaired synthesis
throughout the urea cycle. The augmented levels of
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ornithine in plasma may also be influenced by its for-
mation from arginine in the kidney (Soberon & Pala-
cios, 1976) but this contribution should be minor.

The amino acid changes after liver transplant do
not reflect their restored uptake from circulation. On
the contrary, liver transplant produces an increment
in the plasma levels of most amino acids compared
not only to basal levels but to levels during the unhe-
patic phase. This finding indicates that the new trans-
planted liver releases amino acids into circulation.
This effect is probably the result of the proteolytic
processes that may occur during the preservation time
which give rise to an accumulation of free amino
acids that are released into the plasma as soon as the
circulation is restored through the transplanted liver.
The difficulties of the transplanted liver in recuperat-
ing its normal function is also suggested by the main-
tenance of very low levels of arginine in plasma up to
the 90 min studied. Although all the transplanted pigs
in this investigation lived for over two months follow-
ing surgery, it is evident that the preservation pro-
cedure used requires specific changes to obtain a
more rapid restoration of all hepatic functions. The
method employed is valid, however, as an experimen-
tal model for liver transplant in humans and for
investigations of the role of the liver in certain meta-
bolic parameters.
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