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Summary. Using microdialysis, we have monitored extracellular levels of
amino acids and related amines in the human liver at three stages of the
transplantation procedure: donor retrieval, back table preparation and
during 48 h post-implantation. By comparing the ratio of mean levels at
the donor and back table stages, with the ratio between early (2-6h) and
late (43-48h) post-reperfusion, these amines were classified into one of
three groups. In one group, back table levels were markedly higher than
during the donor stage, with levels declining over time post-reperfusion. A
second group had much lower levels in the back table than during the
donor phase, and post-reperfusion levels were either stable or increased
over time. Concentrations of amino acids in the final group remained
relatively constant at all stages. This study illustrates the value of micro-
dialysis in providing organ-specific metabolic data that may indicate
specific mechanisms of poor graft function.
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Introduction

Orthotopic liver transplantation (OLT) is often the only
form of therapy available for end-stage liver disease. As
demand on liver transplant programmes grows, there is a
need to increase the donor pool, and this has led to the use
of more marginal donor grafts, with a consequent in-
creased risk of subsequent graft dysfunction and graft
loss. A need for better predictive factors or biomarkers
to assess the viability of marginal donor organs has led to
the use of microdialysis as a monitoring tool during the
post-transplantation period (Nowak et al., 2002; Silva
et al., 2005) in order to gain insight into the biochemical
changes occurring in the graft at this time.

Microdialysis (Plock and Kloft, 2005) allows the har-
vesting of low molecular weight substances from the ex-
tracellular fluid of the tissue or organ in which the micro-

dialysis catheter is implanted, for subsequent quantitation
by various analytical platforms, and has been used for
many years as an investigational technique in neuro-phy-
siology and pharmacology (Bourne, 2003), and more re-
cently in the clinical setting to investigate ischaemia and
reperfusion in a variety of conditions (Ungerstedt and
Rostami, 2004).

While ischaemia/reperfusion injury is the major cause
of early liver dysfunction that may be experienced in
the recipient following OLT (Carini and Albano, 2003;
Casillas-Ramirez et al., 2006), other factors arising during
donor retrieval and cold preservation may also contribute.
Indeed, it can be argued that if biomarkers in microdialy-
sates are to direct clinical intervention, then their mea-
surement before the graft is implanted is essential.

We have therefore carried out a study in which micro-
dialysis was employed to monitor the liver graft from
donor retrieval through to 48 h post-reperfusion, focusing
on glucose metabolism (Silva et al., 2006b) and urea cycle
intermediates (Silva et al., 2006a), as these are two key
aspects of normal liver function that may be disrupted in a
marginal organ. These findings have then been related to
clinical outcome in order to identify possible biochemical
factors that may be predictive of subsequent graft dys-
function (Silva et al., 2006a, b).

As the liver is the major site of nitrogen and, specifi-
cally, amino acid metabolism in the body, we also exam-
ined the hypothesis that other aspects of nitrogen meta-
bolism may be disrupted during liver transplantation. We
therefore adopted a more global approach to studying
extracellular levels of amino acids and related amines
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rather than focusing on particular pathway intermediates.
There were no cases of primary non-function of grafts
within this patient group, so the data presented may be
seen to represent a ‘normal’ metabolic response to the in-
sults the organ underwent during this procedure, and may
give insight into how the liver adapts to these. However,
six of the livers were considered to show features of initial
poor function (IPF) on the basis of 24 h post-operative
plasma levels of aspartate aminotransferase (AST) being
in excess of 2000 IU/L (Strasberg et al., 1994). Conse-
quently, extracellular levels of amino acids and amines
during the donor and back table phases of the procedure
in this subset of patients were also compared to the re-
maining patients with 24 h post-operative AST levels of
less than 2000 IU/L, to see if there were any differences
that might have been indicative of subsequent IPF.

Materials and methods

Patients

This study was approved by the South Birmingham Research Ethics
Committee. Fifteen consecutive, consented adult patients undergoing elec-
tive OLT were recruited to the study. The median age of these 15 recipients
was 53 (range; 20-68) and there were 11 males. Median donor age was 50
(range; 16—-66) and the cause of brain death was an intra-cranial bleed in
14 donors, with 12 of them being spontaneous and 2 post traumatic. One
donor was found to be brain dead following carbon monoxide poisoning.
The aetiology of liver disease in the recipients and further clinical details,
are described elsewhere (Silva et al., 2006b).

There were no primary non-function of grafts within this patient group
but, as described above, six of the livers were considered to show features
of IPF.

Microdialysis

The microdialysis catheter used was a CMA 61 Liver MD Catheter (CMA
Microdialysis, Stockholm, Sweden); diameter 0.6 mm, active membrane
length 10 mm, molecular weight cut-off 20,000. The catheter was inserted
into the liver at the level of the falciform ligament as previously described
(Silvaetal., 2006b), and was then connected to a microinfusion pump (CMA
106, CMA Microdialysis, Stockholm, Sweden) placed in a sterile glove, and
continuously perfused with an isotonic sterile solution (contents sodium
chloride 147 mmol/1; potassium chloride 4 mmol/l; calcium chloride
2.3 mmol/l; osmolality 290 mOsm/kg; pH 6; T1 perfusion fluid; CMA
Microdialysis, Stockholm, Sweden), initially at 15 pl/min for 6 min, a flush
sequence to remove air from within the system, and thereafter at 0.3 pl/min.

During the course of these investigations, 3 microdialysis catheters were
used for each of the 15 recipient patients. The first of these was implanted in
the donor graft at the beginning of the retrieval process. After changing the
first flush sequence sample at 15-20 min, hourly samples of perfusate were
then collected into sterile microvials until shortly before the liver was
explanted from the donor (this averaged 3—4 samples per patient). In order
not to compromise sterility, it was not possible to continue microdialysis
monitoring after cross clamping of the donor’s aorta, and during the sub-
sequent stages of donor graft retrieval. After bleeding out of the donor, the
graft was perfused with cold (4 °C) preservation fluids. The protocol fol-
lowed used 11 of University of Wisconsin (UW) solution via the portal vein,
and 31 of Marshall’s hypertonic citrate solution via the aorta in the hepatic
arteries. After explantation, the liver was then vacuum packed in ice and
transported to the Queen Elizabeth Hospital, Birmingham.
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During preparation of the liver for implantation at the back table
procedure, which entailed the removal of fascia and fat attached to the
blood vessels and bile ducts, a second microdialysis catheter was inserted
into the graft. The catheter was inserted into the same track created by the
first microdialysis catheter. This was easily done since the first catheter,
minus its connecting tubes which were cut off when the graft was vacuum
packed following the retrieval process, remained in the graft during trans-
port. The first flush sequence sample was again changed after 15-20 min
and hourly samples of perfusate were then collected, again averaging 3—4
samples per patient. During the back table procedure, the graft was com-
pletely immersed in ice slush (frozen 0.9% saline) throughout. The back
table procedure takes 1-2h, following which the graft remains in ice at
4°C until the recipient is ready to have the graft implanted. This second
catheter was removed just before the graft was transferred into the reci-
pient for implantation. The third microdialysis catheter was implanted into
the graft at the end of the recipient operation, following reperfusion of the
graft. The third catheter too was inserted into the same tract which could
be easily identified following reperfusion. After again collecting a flush
sequence sample at 15-20 min, serial hourly dialysate samples were then
obtained over the next 48 h, after which the catheter was removed. As with
our previous study (Silva et al., 2005), these samples were analysed for
a number of different constituents. As previous experience has indicated
that temporal amino acid changes resolve only slowly during the post-
transplant period, and in view of the extended analytical time per sample
required for a full amino acid profile, only one sample from the middle of
each of the following time windows was analysed for each patient: (hours,
following transplantation: 2—6, 7-12, 13-18, 19-24, 25-30, 31-36, 37—
42, 43-48). However, amino acid analysis was performed on all samples
collected during the graft procurement and back table stages since the
speed of temporal changes was unknown.

Amino acid analysis

Using HPLC with fluorimetric detection of o-phthaldialdehyde deri-
vatives, extracellular concentrations of 24 amino acids and related
amines were determined. Of the amino acids, only histidine could
not be reliably quantitated as this appeared in the tail of the much larger
threonine peak.

The system consisted of a Chromspher ODS column (5 pm, 150 x 3 mm,
with guard column; Varian Chrompack, Walton-on-Thames, UK) with a
CMA 280 fluorescence detector (maximum excitation, 340—360 nm; max-
imum emission, 495 nm: CMA Microdialysis Ltd, Stockholm, Sweden).
The derivatisation reagent was prepared by mixing 975 pul of incomplete
o-phthaldialdehyde reagent solution (OPA, 1 mg/ml in potassium borate
buffer, pH 10.4; Sigma, Poole, UK) with 25 ul of 10% (v/v) mercapto-
propionic acid in methanol. Derivatisation of dialysis samples and stan-
dards, as well as sample injection, were carried out with a CMA 200
refrigerated autosampler (CMA Microdialysis Ltd, Stockholm, Sweden).
The mobile phase gradient consisted of 100 mM sodium acetate buffer, pH
6.9, with a deionised water/acetonitrile/methanol mixture (1/3/6 v/v)
increasing linearly from 8 to 48% (v/v) over 46 min. This was delivered
using a PM-80 twin-reciprocating pump with LC-26A vacuum degasser
(BAS Technicol, Congleton, UK). Data were collected and analysed
using EZChrom software (Aston Scientific, Stoke Mandeville, UK) after
calibration with a range of standard amino acid solutions (10—-40 pM).
Dialysate levels were not corrected for recovery.

Statistical analysis

Comparison between mean dialysate levels in the donor retrieval and
back table stages was by two-way Student’s paired #-test; significance at
p<0.05. Temporal changes in dialysate levels during the 48h post-
implantation period were assessed by 1-way ANOVA with post-hoc com-
parison by Dunnett’s test to the 2-6h value when significance (p < 0.05)
was attained.
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Results

Donor retrieval

Although, on average, we obtained 3—4 samples during
each retrieval process, the levels of all amino acids re-
mained relatively constant throughout. Microdialysis was
terminated before aortic cross-clamping, when blood sup-
ply to the organ was stopped, and before sterile perfusion
with preservation media. Mean levels of each of the
amino acids investigated during this part of the transplan-
tation procedure are shown in Table 1.

Back table procedure

As above, extracellular levels of all amino acids remained
relatively constant throughout the back table procedure
period, so mean levels are again presented (Table 1). With
the exception of alanine, aspartate, B-alanine, glutamine
and serine, there were statistically significant differences
in mean levels between the donor and back table phases

Table 1. Comparison of mean dialysate levels of amino acids and related
amines obtained during the donor retrieval and back table phases of liver
transplantation

Amino acid Abbrevi- Donor (M) Back table (uM) Paired
ation mean + SEM  mean + SEM t-test
Alanine ALA 196.6 +12.1 1775+ 154 ns
Arginine ARG 96+13 1.9+03 o
Aspartate ASP 364 +£4.5 32.1+£32 ns
B-alanine BALA 89+0.7 108 £ 1.1 ns
Citrulline CIT 98+ 1.1 20402 A
Ethanolamine ~ ETH 23.0+2.6 67.5+6.3 ook
y-aminobutyric GABA 7.34+0.9 121+1.2 ok
acid
Glutamate GLU 1341 £129 29944193 koK
Glutamine GLN 189.04+11.1 190.8 +11.9 ns
Glycine GLY 21484163 3983+ 19.2 ok
Isoleucine ILEU 233+23 5.8+0.7 A
Leucine LEU 60.7 + 5.1 149+ 1.5 A
Lysine LYS 556453 13.7+1.9 oA
Methionine MET 10.3 £ 1.1 27406 ok
Ornithine ORN 342434 132426 o
Phenylalanine ~ PHE 251+ 1.6 55+0.5 ok
Putrescine PUT 3.0+ 04 68+1.1 *
Serine SER 5374+ 6.2 58.4+5.9 ns
Taurine TAU 412436 854 +6.5 ok
Threonine THR 36.7 £ 3.0 23.7+3.0 HoxK
Tryptophan TRY 6.1£0.5 1.7£02 e
Tyrosine TYR 1714+ 1.7 40+05 Ak
Valine VAL 61.2+45 16.1 £2.5 o

Values (M) are the mean (= SEM) of all samples obtained during each
of the two phases (n =15). Comparison between the donor retrieval and
back table phases was by two-way Student’s paired t-test (* p <0.05;
** p <0.005; *** p<0.001; ns not significant)

for all amino acids and amines. For ethanolamine, GABA,
glutamate, glycine, putrescine and taurine, extracellular
levels were significantly greater during the back table
phase. However, for the remainder of the amino acids
studied, donor levels were significantly greater than dur-
ing the back table procedure (Table 1).

Post-implantation

Most of the amino acids reported here were being investi-
gated for the first time in the post-liver transplant situa-
tion. Extracellular levels of B-alanine, leucine, methionine,
ornithine, serine, threonine, tryptophan, tyrosine and valine
did not vary significantly throughout the 48h post-reper-
fusion period (data not shown). Three amines (aspartate,
ethanolamine and putrescine) showed a progressive decline
throughout the monitoring period (Fig. 1), although the
time at which this decline became statistically significant
varied. Extracellular levels had reduced significantly by
13h post-implantation for ethanolamine, 31h for putres-
cine, and 43h for aspartate. Finally, extracellular levels
of three amino acids (isoleucine, lysine and phenylalanine)
progressively increased over the first 24 h post-implantation
before reaching a plateau level thereafter (Fig. 2).

We have previously reported post-implantation extracel-
lular levels of a further 8 amino acids (alanine, arginine,
citrulline, GABA, glutamate, glutamine, glycine and tau-
rine) in a separate cohort of patients (Silva et al., 2005). In
the present study, the overall temporal profiles of these 8
amino acids remain as we reported previously, as shown in
Fig. 3. As before, citrulline and glycine showed no signifi-
cant changes over the 48h monitoring period (data not
shown). Although alanine declined slowly throughout this
period, this also did not reach statistical significance in this
study (data not shown). For glutamine, the modest increase
seen in both studies over the first 12h post-reperfusion
reached statistical significance on this occasion (Fig. 3),
after which levels remained relatively constant throughout
the remainder of the monitoring period. The progressive
increase in extracellular arginine, the progressive and grad-
ual decrease in both glutamate and GABA, and the more
immediate decline of extracellular taurine levels (Fig. 3)
all confirmed our previous findings (Silva et al., 2005).

The release or uptake of each individual amine or
amino acid was assessed by comparing the pre-transplant
(the ratio of donor to back table levels) and the post-
transplant situations (the ratio of early to late post-reper-
fusion phases) and the results of this are shown in Fig. 4.
This approach appears to divide the amino acids and
amines into one of three groups.



432
20 Aspartate
= 104
=10
3k
0_.
2-6 7-12 13-18 19-24 25-30 31-36 37-42 43-48
h post implant
57 Putrescine
4
3_
=
=1 *k
2- * «
1 —
0_
2-6 7-12 13-18 19-24 25-30 31-36 37-42 43-48
h post implant
50 Ethanolamine

26 7-12 13-18 1924 25-30 31-36 37-42 43-48
h post implant

Fig. 1. Dialysate levels (1M, mean &= SEM) of aspartate, putrescine, and
ethanolamine at selected time intervals during the 48 h after liver trans-
plantation. *p < 0.05, in comparison with value at 2-6h (1-way ANOVA
with post-hoc Dunnett’s test)

In the first group (Fig. 4, Group A), containing aspartate,
ethanolamine, GABA, glutamate, putrescine and taurine,
extracellular levels immediately post reperfusion are high,
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Fig. 2. Dialysate levels (UM, mean = SEM) of isoleucine, phenylalanine
and lysine at selected time intervals during the 48 h after liver transplan-
tation. *p < 0.05, in comparison with value at 2-6h (1-way ANOVA with
post-hoc Dunnett’s test)

although below the mean levels seen during the back
table procedure. Thereafter, there is a progressive decline,
although the rate of this decline varies between amino
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acids. With the exception of aspartate, this group of amines
also shows significantly higher extracellular levels in the
back table phase as opposed to the donor retrieval phase.
In contrast, in the group which contains alanine, -
alanine, glutamine, glycine, serine and threonine (Fig. 4,
Group B), there was little variation (less than 2-fold) ei-
ther between the donor and back table phases, or between
the early (2—6 h) and late (43—48 h) post-reperfusion phases.

15 GABA

10 4

2-6 7-12 13-18 19-24 25-30 31-36 37-42 43-48
h post implant

Taurine

26 7-12 13-18 19-24 25-30 31-36 37-42 43-48
h post implant

Fig. 3. Dialysate levels (UM, mean = SEM) of arginine, GABA, gluta-
mine, taurine and glutamate at selected time intervals during the 48h
after liver transplantation. *p < 0.05, in comparison with value at 2-6h
(1-way ANOVA with post-hoc Dunnett’s test)

The final, and largest group of amino acids (Fig. 4,
Group C), comprising arginine, citrulline, isoleucine, leu-
cine, lysine, methionine, ornithine, phenylalanine, trypto-
phan, tyrosine and valine are all present in the extracel-
lular fluid in the donor organ at least three times the con-
centration found in the back table phase. After transplanta-
tion and reperfusion, the extracellular levels of this group
either remained essentially unchanged (e.g. citrulline, leu-
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Fig.4. A comparison of the extracellular/intracellular translocation of
individual amino acids and related amines at various stages of the liver
transplantation procedure. The x-axis represents the ratio of mean dia-
lysate concentration (LM) of each compound between the donor retrieval
phase and the back table phase, prior to transplantation. The y-axis rep-
resents the ratio of mean dialysate concentration (UM) of each compound
between the early (2—6 h) and late (43—48 h) phases, post-transplantation.
The ovals (labeled A, B and C) indicate possible sub-groupings of the
amino acids and related amines. Abbreviations of the individual com-
pounds are as listed in Table 1

cine, methionine, ornithine, tryptophan, tyrosine and va-
line), increased slightly, albeit significantly (e.g. lysine,
isoleucine and phenylalanine (Fig. 2)) or, in the case of
arginine, increased markedly and progressively (Fig. 3).
Mean concentration values in the 2—-6h post-reperfusion
samples were (UM, mean &= SEM), arginine, 9.5 £ 1.2;
citrulline, 19.9+1.8; isoleucine, 21.7+2.5; leucine,
73.3+7.0; lysine, 66.7+5.6; methionine, 43.0+ 19.3;
ornithine, 49.4 +3.9; phenylalanine, 28.8 +2.4; trypto-
phan, 8.7 & 0.7; tyrosine 31.7 £ 3.5; and valine 77.7 + 4.7.

Amino acid levels and initial poor function of the graft

As described above, 6 of the 15 patients with 24 h post-
operative AST levels of above 2000 IU/L were identified
as demonstrating IPF of the graft. Comparing amino acid
levels during the donor and back table phases of the pro-
cedure to those obtained in the remaining 9 patients where
24h AST levels were below 2000 IU/L (non-IPF) re-
vealed significantly increased aspartate levels in the donor
liver in the IPF group (uM, mean & SEM, 47.7£7.5
(IPF); 28.8 £4.5 (non-IPF), Student’s r-test, p<0.05).
During the back table procedure, extracellular levels of
B-alanine (uM, mean + SEM, 16.0 & 1.4 (IPF); 7.9 £ 0.8
(non-IPF), GABA (uM, mean £ SEM, 15.1 £2.4 (IPF);
9.6 £ 1.1 (non-IPF), glutamine (uM, mean =+ SEM,
230.9 + 29.6 (IPF); 168.8 = 5.2 (non-IPF), and threonine
(UM, mean = SEM, 33.4 + 7.6 (IPF); 19.0 £ 1.5 (non-IPF),

D. A. Richards et al.

were all significantly greater in the IPF group (Student’s
t-test, p <0.05).

Discussion

In interpreting this data, it is important to recognise that
the technique of microdialysis samples from the intersti-
tial fluid of the liver tissue, i.e. that compartment where
cells signal and communicate with one another, and this
has been shown to be an appropriate means of monitoring
tissue metabolism in the transplanted liver (Nowak et al.,
2002). Temporal changes in amino acid concentration
within the extracellular fluid may therefore reflect efflux
from, or uptake into, the intracellular compartment, and
these processes may be either passive or active. In addi-
tion, during times when circulatory supply to the graft is
intact, blood may also influence levels of amino acids in
the extracellular compartment. Interruption or changes in
the activity of the large family of amino acid transporters
(Broer, 2002) across the liver cell or plasma membranes
will certainly influence extracellular levels.

During the course of the liver transplantation proce-
dure, the graft undergoes a succession of challenging in-
sults and each of these may affect translocation of amino
acids within these tissue compartments. The samples ob-
tained during the graft procurement phase were from the
in-situ organ, perfused by blood, in brainstem-dead but
heart-beating donors.

Microdialysis during the back table procedure monitors
the effects of both hypothermia and the presence of UW
and Marshall’s solutions, the compositions of which are
designed to protect the graft against cell swelling, the ef-
fects of cold ischaemia during storage and transport, and
the subsequent rewarming ischaemia/reperfusion injury
after re-implantation. Thus, UW solution contains a num-
ber of cell impermeable agents, notably lactobionic acid
to prevent cell swelling during storage, as well as glu-
tathione to augment antioxidant capacity, and adenosine
to stimulate ATP generation and preserve energy metabo-
lism, during reperfusion (Southard and Belzer, 1995).

As shown in Fig. 4, the amines investigated in this
study could be broadly classified into one of three groups
on the basis of their compartmental translocation during
the various phases of this study, and this will be used as a
basis for interpretation of this data, although exceptions
will be highlighted.

For ethanolamine, GABA, glutamate, putrescine and
taurine (Group A), extracellular levels were significantly
greater during the cold ischaemia of the back table pro-
cedure than during donor retrieval. Indeed, this same
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group of amino acids also showed decreasing extracellular
levels from a high initial level following restoration of
blood supply in the recipient and the associated warm
ischaemia and reperfusion injury. As mentioned above,
these changes could simply signify passive release follow-
ing the death of some cells as a result of the metabolic
stresses involved, or they could represent active processes
in order to signal a protective or restorative response. The
individual variation in the kinetics of the decrease of this
group of compounds following implantation suggests that
at least some of the changes are actively regulated.

Some of these post-reperfusion findings confirmed and
extended our previous observations (Silva et al., 2005).
GABA has been shown to act as a transmitter in the liver
(Erdo and Wolff, 1990) and may be involved in the reg-
ulation of hepatic regeneration (Erlitzki et al., 2000).
Glutamate is also involved in hepatic cellular signaling (Gill
et al., 2000; Gill and Pulido, 2001), while the role of taurine
as an osmoregulatory agent within the liver is well estab-
lished (Warskulat et al., 1997; Wettstein et al., 2000).

Increases in extracellular ethanolamine in neuronal
tissue have been reported previously in stressful situations
such as hypoglycaemia, hypoxia and epilepsy (Buratta
et al., 1998). Parallel increases of taurine and ethanol-
amine have also been observed in the extracellular fluid
of neural tissue and CSF under hypo-osmolar conditions
(Lehmann et al., 1991), and a possible osmoregulatory
role in the liver is consistent with the similar temporal
profile of these 2 amines post-reperfusion seen here.
Another possible mechanism by which ethanolamine re-
lease may represent an active process is by virtue of it
being a by-product of the enzymatic hydrolysis of N-
acylethanolamines, a group of compounds that have been
shown to possess anti-inflammatory, immunosuppressive
and anti-oxidant properties (Tsuboi et al., 2005) and that
have been shown to accumulate after cerebral ischaemia
(Berger et al., 2004). Finally, ethanolamine enhances he-
patic regenerative processes (Mimuro et al., 2002).

The apparent release of putrescine, a polyamine pro-
duced by the decarboxylation of the urea cycle interme-
diate, ornithine, may be related to its ability to protect
liver cells by reducing lipid peroxidation (Nagoshi et al.,
1994), or to reverse liver necrosis and hepatocyte apopto-
sis (Tzirogiannis et al., 2004).

Two other amino acids are worthy of mention at this
point. As seen in Fig. 1, aspartate also declined from a
high initial level after reperfusion although this decrease
did not reach significance for 43 h. However, in contrast
to the other amino acids in this sub-group, there was no
difference between donor and back table levels. In con-

trast, extracellular glycine levels remained relatively con-
stant post-reperfusion, but back table levels were almost
double those found during donor retrieval, which again
may be associated with a protective role as glycine has
been shown to protect hepatocytes against hypoxia (Carini
et al., 1997), as well as minimizing reperfusion injury in
perfused rat livers (Zhong et al., 1996). Furthermore,
increasing plasma glycine by intravenous infusion of this
amino acid improved survival in a rat model of liver
transplantation (Schemmer et al., 1999).

In the second sub-group of amino acids (alanine, B-
alanine, glutamine, glycine, serine and threonine (Group
B)), changes in extracellular level were less marked al-
though still statistically significant on occasions. Glycine
has been considered above, and although threonine values
did not vary post-reperfusion, donor levels were almost
twice as high as those in the back table. Glutamine levels
did not vary between the donor and back table situations,
but increased significantly over the first 12 h of the post-
reperfusion period, before then stabilising. This may re-
flect activity in glutamate/glutamine cycling in response
to the initial elevated levels of glutamate following reper-
fusion (Watford, 2000). However, for alanine, [-alanine
and serine, extracellular levels did not vary significantly at
any stage of the liver transplantation procedure.

The final, and largest, group of amino acids (Group C)
was characterised by markedly higher extracellular levels
during donor retrieval than during the back table proce-
dure. This may indicate increased uptake of these primary
amines during the back table procedure, perhaps to accel-
erate protein synthesis, or it may be a consequence of the
lack of blood supply to the graft at this stage. Indeed, once
the graft has been implanted and reperfused in the reci-
pient, extracellular levels return to the donor retrieval
situation or above, in some cases almost immediately,
and in others more slowly and progressively. This sub-
group contains all of the essential amino acids with the
exception of threonine although, as stated above, threo-
nine levels are significantly higher in the donor retrieval
situation, but not to the same degree.

No members of Group C exhibited the declining post-
reperfusion levels seen with those amines in Group A
that may be associated with an active signaling function.
Extracellular levels for most of this group remained rela-
tively constant during the 48h post-reperfusion period,
which argues against the view that some of the elevated
levels described previously arise simply from hepatocyte
damage following probe implantation. Isoleucine, lysine
and phenylalanine increased progressively over the first
24 h post-reperfusion before then stabilizing and this may
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signify increased availability in order to restore or accel-
erate protein synthesis. Indeed, acute phase protein synth-
esis requires a high proportion of aromatic amino acids
such as phenylalanine, and this may result in a dispropor-
tionate breakdown of skeletal muscle in order to provide it
(Reeds et al., 1994). Furthermore, there is evidence of an
increased requirement for branched-chain amino acids for
protein synthesis following OLT (Luzi et al., 1997; Mager
et al., 2006).

In agreement with our previous findings (Silva et al.,
2005), a marked and progressive increase in the concen-
tration of extracellular arginine following transplantation
was observed. Also included in Group C are citrulline and
ornithine which, along with arginine, are metabolically
closely related, being part of the urea cycle, the formation
of polyamines including putrescine as discussed above,
and in nitric oxide synthesis, and these metabolic relation-
ships have been discussed and investigated further else-
where (Silva et al., 2006a).

Finally, all of the amine changes discussed so far apply
to the complete cohort of 15 patients as there were no
cases of primary non-function of grafts. However, there
was plasma-based evidence of IPF in 6 of the implanted
grafts, and analysis of the pre-transplant data revealed
some differences between these grafts and those that per-
formed well from the outset.

In the donor retrieval situation, extracellular aspartate
levels were significantly higher in those grafts that subse-
quently exhibited IPF. During back table microdialysis, ele-
vated extracellular levels of B-alanine, GABA, glutamine
and threonine were seen in the IPF grafts. B-Alanine has
been shown to be a GABA uptake inhibitor (Ishiwari et al.,
2004), a possible explanation for the concurrent increase in
these two amines, and may also act as a protective agent
against hypoxic liver injury (Vairetti et al., 2002).

In conclusion, this study illustrates the value of micro-
dialysis in providing organ-specific metabolic data, and has
revealed some interesting and consistent patterns of amino
acid translocation during the metabolic challenges suffered
by the liver during the various phases of liver transplan-
tation. Although no data are available from this study on
grafts that suffered PNF, we are currently extending this
work into animal models, under more controlled conditions,
to further explore the metabolic changes identified in the
pre-transplant grafts that subsequently resulted in IPF.
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