Can adenine nucleotides
predict primary nonfunction
of the human liver homograft?
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Sixty-eight primary liver
grafts were analyzed to see whether
adenine nucleotides (AN: ATP,
ADP, and AMP) or purine catabolites (PC: adenosine, inosine, hypoxanthine, and xanthine) of tissue or
effluent can predict primary graft
nonfunction. AN, PC, and nicotinamide adenine dinucleotide, oxidized
form (NAD ) of the tissue before
(pretransplant) and after graft reperfusion (post-transplant) and of the
effluent were analyzed. The graft
outcome was classified into two
groups (group A: successful,y2 = 64;
group B: primary nonfunctioning,
n = 4). No significant differences
were observed in pretransplant
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measurements between groups A
and B, whereas ATE ADP, total AN,
total AN + total PC (T) and NAD +,
in post-transplant tissues, were significantly higher in group A. Xanthine
in the effluent was significantly
higher in group B than in group A.
ATE ADP, total AN, T, and NAD
in post-transplant tissue were significantly associated with primary graft
nonfunction by logistic regression
analysis.
+
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Lanir et al. [12] and Gonzalez et al. [4] have shown that
successful liver grafts preserved in Euro-Collins (EC) solWith the widespread use of orthotopic liver transplanta- ution have higher concentrations of ATP, ADP, and ention and the acute organ shortage, livers at high risk of de- ergy charge [EC: (ATP + 1/2ADP)/(ATP+ A d P + adenveloping primary nonfunction should be discarded prior osine monophosphate)] before idplantation than do
to implantation. Short of this, it is important to diagnose failed grafts. However, Kamiike et al. have shown that
primary nonfunction as early as possible in order to in- only TAN of pretransplant (pre-tx)grafts preserved in E C
crease the time interval for procuring a new liver for re- solution was higher in successful grafts than in unsuccesstransplant ation.
ful grafts. Higher concentrations of ATP and TAN were
Many animal studies have demonstrated the inverse found in post-transplant (post-tx) liver biopsies obtained
correlation between liver viability and hepatocyte adeno- from viable grafts than from nonviable grafts [lo]. Howsine triphosphate (ATP) levels [6,13]. These studies have ever, “successful liver engraftment” in these studies was
shown that cellular ATP level or total adenine nucleotide defined arbitrarily by the hepatic enzyme levels after
[TAN: ATP + adenosine diphosphate (ADP) + adenosine transplantation, and the investigators did not report primonophate (AMP)] decreases during warm ischemia and mary nonfunction. Thus, it is still controversial whether
correlates well with graft viability. In contrast to warm low adenine nucleotide (AN) levels of pre- or post-tx
ischemia, tissue measurements of cellular ATP and TAN donor liver tissue can predict primary nonfunction.
during periods of cold ischemia did not correlate with
In this study, pre- and post-tx human liver grafts
organviability [6,11,17,19].
preserved in University of Wisconsin (UW) solution were
Introduction
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were tertiary. Thirteen grafts were excluded from the study due to
either technical problems ( n= 8: 5 vascular problems, 2 severe biliary complications, and l technical difficulty) or positive cytotoxic
crossmatches ( n= 5 ) . These primary grafts were then classified into
two groups according to graft outcome during the first 7 postoperative days: group A , successful graft: group B, primary nonfunctioning (PNF) graft. While there is no uniform definition of PNF, a diagnosis of PNF was made if the graft never demonstrated evidence of
initial function following transplantation and if retransplantation
had to be performed urgently to prevent the patient's death within
1 week of the initial transplant. A diagnosis of PNF could not be
made when these were technical complications during the transplant
procedure. Clinical findings strongly associated with PNF included
stage 4 coma, sluggish or no bile flow, progressive jaundice, uncorrectable coagulopathy, metabolic acidosis, and renal failure. The pathology of nonfunctioning grafts mainly showed ischemia/preservation injury, which was represented by small infarcts und/or zonal hepatocellular coagulative necrosis (either centrilobular or periportal)
or severe cholestasis without evidence of rejection (Table 1).
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Operative procedures
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Donor operation
All liver procurements were performed by in situ infusion with UW
solution [34] as part of multiple organ procurements [70,21]. All of
the liver grafts in this study were preserved with UW solution at 4 "C.
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Recipient hepatectomy and hepatic replacement were performed
using standard techniques [3]. Before revascularking the new liver,
the organ was perfused with 300-500 ml of cold, lactated Ringer's
solution to remove air and excess potassium. The anhepatic phase
was defined as the interval between the interruption of the recipient's hepatic circulation and the restoration of portal or arterial
circulation to the graft.
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Fig.lA, B Elution profiles of AN, PC nd NAD' with HPLC.
Column: reverse-phase column 4 mm x -50 mm. Injection volume:
10 pl. Flow rate: 0.8 ml/min. Column temperature: 26°C.AN, PC and
NAD' were detected by absorbance at 254 nm: A standard hxture: 1.0 pM of AN, PC, and NAD': B normal human liver tissue. Irnrnunosuppression
Tissue weight was 63 mg
An intravenous dose of 0.1 mg/kg FK 506 was infused over 74 h,
examined to determine whether tissue AN and purine starting in the operating room, and repeated every 23 h until oral incatabolite (PC) levels showed any correlation with pri- take began. One gram of intravenous methylprednisolonk was given
to all patients after reperfusion of the liver Ilograft. A daily dose of
mary nonfunction or could predict primary nonfunction. 20 mg methylprednisolone was given thereafter.
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The effluent from the graft was also examined to determine whether PC levels in the effluent could predict primary nonfunction.

Sampling

Liver tissue
Materials and methods
Case material
From 6 October 1990 to 31 December 1990, 134 orthotopic liver
transplantations were performed at Presbyterian University Hospi.
. "-. . . - " .
.
.
.. .
tal, university or rittsburgn. UI the 134 patients, tissue biopsies or
97 grafts in 88patients (56 male and 32 female, mean age
48.1 k 13.3 years, range 13-74 years) were successfully collected. Of
these 97 grafts, 81 grafts were primary, 13 were secondary, and 3
1 - .

I_

Pretransplant wedge biopsies (about 50 mg) were performed just
before starting the suprahepaticvenacava anastomosis ( n= 68). The
biopsies were cut and promptly stored in liquid nitrogen within 10 s.
Post-transplantation wedge biopsies (approximately 50 mg)
were taken 1.685 k 0.655 h after graft revascularization and cut and
stored in the same way as in the pre-tx biopsies ( n= 58).
Normal liver tissue from six patients with cellular carcinoma
(without liver cirrhosis or metastatic liver carcinoma) was taken in
the same way as the other biopsies. These served as controls.
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Table 1 Summary of failed grafts with respect to histopathology and liver function
Graft
no .a

Age

Sex

Graft
survival
(day)
1

Highest
ASTh
(Uil)
5038

Highest
PT
20.0

13.5

(SH

Highest
T-Bil‘

1

(

26

66

F
M

4

4844

27.5

14.6

60

58

F

4

3669

14.5

8.2

78

56

M

1

7505

18.5

7.6

12

55

Histopathology

Widespread hemorrhagic necrosis
Centrilobular congestion and necrosis
Diffuse microvesicular steatosis and
some areas of hemorrhagic necrosis
Distortion of sinusoidal architecture with
extracellular fat globules and centrilobular congestion

Graft no, is a serial number ofthe graft in this study in the order of
sampling

AST increase is the difference in AST from preoperative value and
highest value until retransplantation
Highest postoperative values until retransplantation

Table2 Comparison of the two groups with respect to liver
function, renal function, and gas analysis. CIT, Cold ischemia time;
WIT, warm ischemia time; LSP, lowest systolic pressure

Analytical methods

d

Group A
( n = 64)
Donor
AST (UA)
ALT (U/1)
PT
PTT
T-Bil (mgidl)
LDH (Uil)
pOZ(mmHg)
BUN (mgidl)
Cr (mg/dl)
LSP (mm Hg)
Recipient
Age (years)
CIT ( h )
WIT (min)
AST (U/I)
ALT (Ui1)
PT
PTT
a

Group B
(n=4)

64.67 f5.10
47.52 k 5.80
13.88 k 0.29
31.07 k 1.99
0.919 k 0.095
494.4 f67.78
328.2 f20.25
14.38 k 1.046
1.16k0.061
82.36 k 3.534

80.25 k 21.04
60.00 k 6.25
14.70 k 1.02
19.67 k 6.93
0.975 f0.246
1089 f 607
128.8 k 35.32”
19.33k 2.848
1.25 k 0.38
78.25 f7.261

47.25 f 1.65
l3.94k 0.415
63.7 k 15.10
1444 k 213.3
1526 k 247.8
10.37 f2.83
33.68 f 1.49

58.75 f 2.50
14.13k0.446
56.75 k 7.05
5262k 1612”
2499 f 990.9
70.13 f5.44
42.73 k 2.47

A11 of the specimens werc processed at 4 ° C unless otherwise indicated.

Tissue extraction
The tissue biopsies were taken out of the liquid nitrogen, weighed,
and homogenized in 1 ml of cold 6 % perchloric acid containing
0.8 mM EDTA with Polytron homogenizer (Brinkmann, Westbury,
N.Y., USA). The homogenates were centrifuged for 10min at
lOn_OOOg. The supernatants were adjusted to a pH of 4-6 with 69%
K2C03 solution, centrifuged again for 15 min at 10,000 g, and the
supernatants stored at - 70°C.

Effluent extractiori
The effluent was mixed with the same volume of 6% perchloric acid
solution containing0.8 mM EDTA and vortexed and centrifuged for
10 min at lO_OOO g. The supernatant was collected, its pH adjusted
with 69 YOK2C03solution to&6, and centrifuged again for 15 min at
1500 g. The supernatant was then frozen at - 70°C.

P < 0.05 versus group A by Mann-Whitney U-test

High -performance liquid chromatography ( H P LC)
Effluent
After flushing the liver with cold, lactated Ringer’s solution but before finishing the anastomosis of the infrahepatic vena cava, the first
10 ml of the effluent was collected and centrifuged for 15 min at
1500g at 4°C.The supernatant was frozen at - 70°C ( n = 40).

Histopathology
Histopathology of the failed grafts was studied to determine the extent and nature of liver damage. Tissues were fixed with buffered
formalin and stained with hematoxylin-eosin.

The separation of AN, PC, and NAD walperformed by single-runHPLC using the modified method of Wynants et al. [17]. Extracted
samples were analyzed with Waters’ HPLC system [Model 501
pumps, Model 484 absorbance module (path length 10 mm), and
Model 700 WISP system; Waters Chromatography DivisioniMillipore, Milford, Mass., USA] uipped with a Maxima 820 chromatography workstation (Waterp$kverse phase column [LiChrospher
100 RP-18 (5 p),
4 mm x 750 mm; E. Merk, Darmstadt, Germany]
was used with a precolumn (RCSS Guard-PAK; Waters) at 16°C.
The mobile ohases consisted of solution A, a 0.15 molil ammonium
dihydrogen phosphate buffer, pH 5.7, and solution B, acetonitrile
and methanol (50:50) containing yo triethanolamine, The elution
of the first min was isocratic of solvent A followed by linear gra.
dient to 83% of solution A and 18% of solution B for 16 min, and
then returned to isocratic separation with 100% of solvent A for
20 min at a flow rate of 0.8 mlimin. The eluted PCs were monitored
at 254 nm.
+
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Table 3 Adenine nucleotides and purine catabolites of pre- and
post-transplantation biopsies. Values indicate mean f SEM. EC,
Energy charge; ATP, adenosine triphosphate; ADP, adenosine diphosphate: AMP, adenosine monophosphate; ADE, adenosine:
Control (pmolig)

EC
ATP
ADP
AMP
ADE
IN0
HX
X
TAN
TPC
T
NAD

+

0.713 f 0.0465
2.080 f0.298
1. I7 rir 0.0628
0.445 f0.115
0.0358 f0.00899
0.121 fO.0198
0.1 18 f 0.0244
0.0087 f 0.0052
3.69 f 0.223
0.284 k 0.0336
3.97 f 0.233
0.633 f 0.0440

INO, inosine; HX, hypoxanthine; X, xanthine: TAN, total adenine
nucleotide; TPC, total purine catabolite; T, TAN + T P C NAD' ,nicotinamide adenine dinucleotide, oxidized form

Pre-tx (pmol/g)

Post-tx (pmol/g)

Group A
( n = 68)

Group B
( n = 4)

Group A
( n= 58)

Group B
( n= 3 )

0.384 f 0.0133*
0.853f 0.0517"
1.39 f 0.0814
1.93 f 0.190*
0.423 rir 0.0420*
1.18f 0.0708*
1.14f0.135*
0.216 k 0.0296*
4.17 f 0.285
2.95 f 0.332*
7.12 f 0.49*
0.671 f 0.364

0.362 f 0.0445*
0.640 k 0.123*
1.12k0.125
1.53 f 0.204"
0.348 f 0.0146*
1.20 f 0.0774"
1.21 f0.210"
0.285 f 0.0511*
3.30k0.174
3.04 k 0.271*
6.34 k 0.309"
0.582 f 0.0900

0.655 k 0.00963
1.77 f 0.0929
1.45 rir 0.0524
0.549 f 0.0302
0.0916 10.00667*
0.314 f0.0273"
0.373 f 0.0668*
0.0538 f 0.0109
3.77 f 0.1 38
0.931 f 0.0905*
4.704 f 0.167
0.821 f 0.0382

0.583 k 0.0108
0.712 f0.17?**
0.726 ?L0.1 27*. **
0.398 f 0.0829
0.0593 f0.00145
0.1 61 k 0.0350
0.161 fO.0913
0.0713 f 0.0270
1.84 f0.379*. **
0.452 f 0.114
2.29 f 0.426" **
0.406 rir 0.0609*

* P < 0.05 vs control: ** P < 0.05 vs group A of the same biopsy
Table 4 Adenine nucleotide
and purine catabolite values associated with acute graft failure. ATE Adenosine triphosphate: ADP, adenosine diphosphate; TAN, total adenine nucleotides; T, TAN + total purine
catabolite; NAD , nicotineamide adenine dinucleotide
+

Measurement

Group A
(pmolk)

Group B
(pmok)

Odds ratio

P value

post-ATP
post-ADP
post-TAN
post-T
post-NAD+

1.77 f 0.093
1.45 f 0.051
3.77 f 0.138
4.70 f 0.167
0.821 f 0.038

0.712f 0.172
0.726 k 0.127
1.84 k 0.379
2.29 k 0.426
0.406f 0.061

0.0012
0.0008
0.0447
0.0156
0.0004

0.0007
0.0010
0.0007
0.0002
0.0064

Statistical analysis

Failed grafts

The Mann-Whitney U-test, a nonparametric equivalent of the
standard, two-sample t-test, was used to compare median liver function values between grafts in groups A and B. AN and PC in pre-tx
biopsies were compared between grafts in groups A and B and those
in a control group using the Kruskal-Wallis test, a nonparametric
equivalent to the one-way analysis of variance. The Kruskal-Wallis
test was also used to compare AN and PC post-tx biopsies between
grafts in groups A and B and a control. If there was evidence to support a significant difference among the groups, then the Mann-Whitney U-test was used as a post hoc technique. Comparison of values
between pre-tx biopsies and post-tx biopsies was carried out using a
Wilcoxon signed ranks test. Logistic regression analysis was used to
predict the probability of PNF based on AN, PC, and NAD values
[26].

Table 1shows liver function results and histopathological
findings of group B grafts ( n = 4). These grafts failed as a
result of PNF and the patients required retransplantation
within 4 days. Two patients died after retransplantation
of multiple organ failure. Aspartate aminotransferate
(AST) values in the failed grafts were higher th2n corresponding values in successful grou A grafts ( n = 6 4 ;
Table 2).

+

P

Comparison of two groups
The condition of the donor and of the recipient in both
groups with respect to hepatic, renapardiac, and pulmonary functions is summarized in Table 2. There were no significant differences between the two groups except for
donor pOz and recipient AST.

Results

Measurement of AN, PC, and NAD with HPLC
+

As shown in Fig. 1,all components of AN, PC, and NAD
were well separated, except for the poor separation of inosine (INO) and NAD +.Even with less than 50 mg of
tissue, each peak was quantitated satisfactorily.
+
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AN and PC in pre- and post-tx biopsies are summarized in
Table 3 and Fig. 2. Despite varying periods of cold ischemia (9.8-21.2 h), ATP for both groups decreased to less
than half that of the control group. After reperfusion,
ATP in groupA recovered to the level of the control
group; however, ATP levels remained statistically lower in
group B ( P = 0.0099 for group A vs group B). Also, ADP
in group B decreased significantly as compared to ADP in
groupA after reperfusion. For both groups AMP increased more than three times that of the control group
during cold ischemia and decreased to normal levels after
reperfusion. There was no evidence to support the hypothesis that TAN levels changed during cold ischemia.
After reperfusion, TAN decreased significantly in
group B ( P = 0.0109 for group A vs B). During cold ischemia there was a tenfold increase in PC and total PC (TPC).
Both PC and TPC decreased significantly following reperfusion. After reperfusion, however, PC values remained
higher in group A than in group B. Total AN +total PC
(T) increased during cold preservation. The increase was
largely due to the increase in PC. After reperfusion, the T
of group A grafts returned to the control level, whereas
the T of group B grafts was significantly lower than that of
group A ( P = 0.0072 for group A vs B). NAD remained
unchanged during cold ischemia in both groups, whereas
it increased in group A and decreased in group B after
reperfusion ( P = 0.012 for group A vs group B post-Tx).
+

Group A Group B

Group A Group B

Fig.2 Tissue energy charge, ATE total adenine nucleotide (TAN),
and NAD levels in pre-transplant (pre-tx) and post-transplant
(post-tx) biopsies
+
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Effluent
Scattergrams of hypoxanthine (HX) and xanthine (X) in
the effluent are shown in Fig.3. HX, INO, and X were
abundant in this order. Adenosine (ADE) was hardly detected even though UW solution contains 5 mM of ADE.
All of these PCs were higher in group B, although a significant difference was obtained only for X ( P = 0.045).
Predictability of primary nonfunction (PNF)

*
n

1

A

A

B

A

Groups
Fig.3 Scattergrams of hypoxanthine (HX) and xanthine (X) in the
effluent. * P = 0.045

Logistic regression analysis was used to test whether PNF
was associated with post-tx AN and PC values. There
were five factors significantly associated with PNF and the
results are summarized in Table 4. All factors have odds
ratios significantly less than 1.This implies that a decrease
in any one of these values is associated with an increased
likelihood of PNF. Figure 4 shows logistic regression
curves of these parameters. From these analyses it was
determined that when the graft has post-tx ATP, ADP,
NAD, or TAN less than 0.518, 0.529, 0.137, or 1.444
pmol/g, respectively, the likelihood of PNF within 1 week
is more than 80 % .
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As the degradation of AN is halted at the level of AMP
in cold ischemia, as shown by Harvey et al., HX and X levels and their increase with perfusion were much lower
than those of warm ischemic livers [6]. This study suggests
that the change in TAN expressed by cold ischemic injury
is not the same as the change in TAN expressed by warm
ischemia. As shown in the present study, ATP levels were
decreased, AMP levels were reciprocally increased, and
TAN levels were kept almost constant. This indicates that
c
0
degradation of ATP was halted at the AMP level in clinical liver transplantation mainly due to cold ischemic injury. However, a considerable number of PCs were detected in the preserved graft compared with the number of
PCs
in the control grafts. This is probably due to the 5 mM
0
2
4
6
8
of A D E contained in UW solution, which may be metaboConcentration (pmol/g)
Fig.4 Logistic regression curves of post-tx ATP ( 0 ) ,ADP (+), lized to INO, HX, and X during cold ischemia.
In 1988,two reports appeared, one showing that pre-tx
TAN (O),
T ( 0 ), and NAD' (x)
values of ATP, ADP, and TAN were associated with posttx success [12], and the other reporting that only pre-tx
TAN was predictive of graft outcome. The latter reported
Discussion
that post-tx ATP and TAN were also associated with a
Prolonged warm ischemia causes irreversible injury and positive graft outcome [lo]. In another recent study, grafts
necrosis of the liver, which is well documented by the de- that had high ATP, ADP, or E C before implantation funccrease in cellular ATP and TAN levels [6,19] and the re- tioned well after transplantation [4]. In addition, effluent
tardation of the recovery of cellular ATP after reperfusion P C related closely to the degree of hepatic cold ischemic
[6, 13, 171. This irreversibility is partially due to the loss of damage [17]. In our study, there was no evidence to sugmitochondria1 oxidative phosphorylation capacity [ 14, gest that pre-tx measurements were significantly different
251. In addition to a decrease in AN, PC accumulates dur- between successful and PNF grafts. However, PNF grafts
ing warm ischemia, and this plays an important role in were well characterized as having a poorer recovery of
superoxide generation after reperfusion. The superoxide ATP, TAN, T, and NAD after reperfusion, as well as a
then causes derangement of sinusoidal lining cells, dis- higher concentration of X in the effluent. To test the preturbance of microcirculation [l],and subsequent retarda- dictability of these values for PNF, logistic regression anation of ATP recovery upon reperfusion. In this context, it lysis was performed. Post-tx values of ATP, ADP, TAN, T,
has been pointed out that cellular ATP and TAN levels and NAD' were significantly associated with PNF, even
and their recovery rates are good indices of the viability of though there were only three PNF cases, an obvious limithe ischemic liver [6,9,13].
tation in the power of our statistical analysis.
Many studies have attempted to apply the index of liver
It is concluded from the study that ATP values from
viability used in warm ischemia to cold ischemic injury [6, biopsies taken immediately after recirculation of the liver
10, 12, 18,19,23]. However, animal studies in the rat and graft may have predictive value for PNF. In contrast, bidog have demonstrated that cold-preserved, viable livers opsies taken shortly before implantation may nbt be prehave extremely low ATP values when measured by HPLC dictive of PNF. A possible explanapon for a nonviable
[6, 181. Thus, neither ATP nor TAN levels during cold graft after cold preservation may not only be decreased
preservation in UW solution could predict graft outcome. AN metabolism but, more importantly, nonparenchymal
On the other hand, tissue ATP detected by nuclear mag- cell injury. Extensive injury to nonparenchymal cells, such
netic resonance spectroscopy (MRS),which can detect cy- as endothelial cells, rather than damage to parenchymal
tosolic ATP, seems to be predictive [S]. There are two cells during cold preservation, was, shown ultrastructumain differences between these two measurements. The rally with rat livers [8,15]. In additionputritional status of
HPLC method detects all of the ATP in the tissue, where- donors [2,16,22] and warm ischemia during procurement
as the MRS method only detects cytosolic-free ATP. or liver replacement [7, 101 may influence initial graft
Moreover, since tissue biopsies are very small for the function in human livers.
HPLC, the error in the measurements could be larger than
that of the MRS method, which can detect the signal of p Acknowledgements This work was supported by research grants
from the Veterans Administration and project grant no. DK 19961
ATP from the wider part of the liver. Although it is not from
the National Institute of Health, Bethesda, Marylaqd.
clear what is responsible for the different conclusions, the
usefulness of tissue ATP level during cold ischemia for the
viability estimation is still controversial.
a
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