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Superoxide scavenging activity in 
experimental liver transplantation 

Abstract Superoxide dismutase 
(SOD) activity was evaluated by 
measuring superoxide scavenging 
capability with the aid of an elec- 
tron spin resonance (ESR) spin 
trapping method in a swine ortho- 
topic liver transplantation (OLT) 
model. The animals were divided 
into two groups, depending on the 
length of the survival periods: the 
short survival group (n = 8) survived 
less than 6 days and the long sur- 
vival group (n = 15) 6 days or long- 
er. SOD activity was significantly 
lower in the short survival group 
than in the long survival group after 
reperfusion ( P  < 0.01). During the 
period of cold preservation, a mini- 
mal change in SOD activity was 
noted, regardless of the length of 
preservation. Serum aspartate ami- 
notransferase (AST) levels after re- 

perfusion and serum lactate dehy- 
drogenase (LDH) levels 1 h after 
reperfusion were significantly high- 
er in the short survival group than in 
the long survival group ( P  < 0.01 
and P < 0.05, respectively). The dif- 
ference in polymorphonuclear leu- 
kocytes (PMN) was significantly 
greater in the short survival group 
at 1 h after reperfusion ( P  < 0.01). 
The authors conclude that superox- 
ide scavenging activities in the graft 
reflect the magnitude of reperfusion 
injury, which can be a reliable pa- 
rameter for the estimation of graft 
outcome. 
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Introduction 

Although the causes of graft failure after liver transplan- 
tation in the early postoperative period are many, pri- 
mary nonfunction of the graft (PNF) still accounts for a 
significant proportion of all graft failure. Recent re- 
ports have demonstrated that oxygen free radicals are 
among the most important factors contributing to PNF 
[4,5], and it is also known that the liver is rich in seaven- 
gers of them [l]. However, the precise mechanisms un- 
derlying the response to liver injuries caused by reac- 
tive oxygen species remain unclear. There have been a 
few reports on the possible involvement of radical scav- 
engers in the mechanism of cold preservation injury of 
the graft [22], but direct evidence of their role in the pre- 

vention of cold preservation injury is lacking. Superox- 
ide is thought to be promptly activated in response to re- 
active oxygen species [7]. Therefore, blocking the cas- 
cade process in the liberation of free radicals at an early 
stage of the reaction in order to maximize the scaveng- 
ing ability for superoxide would appear to be justified. 

In this study, the authors investigate the relationship 
between superoxide dismutase (SOD), which accounts 
for a major proportion of the superoxide scavenging ac- 
tivity in the liver tissue, and survival with an experimen- 
tal model of swine orthotopic liver transplantation. For 
the measurement of SOD activity, an electron spin reso- 
nance (ESR) spin trapping method, one of the most reli- 
able assay methods, is used together with 5,5-dimethyl- 
l-pyrroline-N-oxide (DMPO). 
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Fig. 1 Extracorporal circulation using Anthron tube during anhe- 
patic phase 
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Fig.2 Inactivation of SOD activity by KCN. A final KCN concen- 
tration greater than 0.625 mrnolil resulted in a plateau level with 
regard to total SOD activity (El) and almost complete inhibition 
of Cu, Zn-SOD activity ( 0 )  was obtained with a KCN concentra- 
tion greater than 1 rnmolil. A final concentration of 1 mmol/l 
KCN was used to inactivate Cu, Zn-SOD 

Materials and methods 
Orthotopic liver transplantation (OLT) 

For the animal experiments, the “Principles of laboratory animal 
care” (NIH Publication No. 86-23, revised 1985) were followed, as 
well as the regulations of the Animal Research Laboratory of Nag- 
oya University School of Medicine. Landrace female pigs, weigh- 
ing 11-13 kg, were used. All pigs received ketamine-HC1 for induc- 
tion and were maintained on inhalation anesthesia with halothane. 
For retrieval of the liver graft from the donor animal, a bolus injec- 
tion of 500 Uikg body weight of heparin was administered intrave- 
nously. The splenic vein and the abdominal aorta were cannulated 
with 12 Fr polyethylene catheters for organ perfusion. After the 
thoracic aorta was clamped, infusion of cold normal saline was 
started rapidly via the abdominal aorta and 500 ml of 4°C Univer- 

sity of Wisconsin (UW) solution via the portal vein. The visceral 
organs were simultaneously cooled topically with iced slush. He- 
patectomy was performed and the liver was immersed and stored 
in 4°C UW solution. After 6 or 12 h of cold preservation, OLT 
was performed on the recipient animal. During the anhepatic 
phase (the period from termination of the native liver circulation 
until re-establishment of the transplanted graft circulation), pas- 
sive extracorporeal circulation bypass from the portal and iliac 
veins to the cervical vein was established using an Anthron tube 
(Toray, Tokyo, Japan; Fig. 1). Postoperative maintenance immuno- 
suppression consisted of cyclosporin A (3 mgikg i. v., intraopera- 
tively, and 10 mg/kg P.o., daily for 3 postoperative days) and meth- 
ylprednisolone, 125 mg/body i. v., intraoperatively. 

SOD measurements 

Tissue samples were collected before and after preservation, im- 
mediately after reperfusion and 1 h after reperfusion. They were 
freeze-clamped, stored in liquid nitrogen, and frozen at -80 “C. Hy- 
poxanthine, diethylenetriaminepenta-acetic acid (DETAPAC), 
which chelates several metal ions and, consequently, inhibits hyd- 
roxyl radical generation, and standard SOD from human erythro- 
cytes were obtained from Sigma Chemical (St.Louis, Mo., US). 
Xanthine oxidase was purchased from Boehringer Mannheim 
(Mannheim, Germany) and DMPO (9.2 mol/l) and potassium cya- 
nide (KCN) from Wako Pure Chemical Industries (Osaka, Japan); 
15 pl of 9.2 mol/l DMPO was mixed with SO pl of 2 mmol/l hypox- 
anthine and 35 pl of 5.5 nimol/l DETAPAC, as well as 50 p1 of var- 
ious concentrations of standard SOD or specimens homogenates 
of 20-30 mg of biopsied tissue in 5 ml of 0.1 molil phosphate-buf- 
fered saline (PBS) pH 7.8 in a small tube. Then, 50 pl of 0.4 Uiml 
xanthine oxidase was immediately added and the mixed solution 
was used for ESR study. Mcasurement of Mn-SOD activity was 
performed by inactivating Cu, Zn-SOD by 1 mmolil in a final con- 
centration of KCN using a modification of the original method de- 
scribed by Oberley et al. [14, 151: KCN was mixed with the sample 
at a concentration of 4mmolil and the mixture was allowed to 
stand for about 30 min at room temperature. As a KCN concentra- 
tion greater than 0.62.5 mmolil would give a plateau level of SOD 
inhibition, the final concentration of KCN was adjusted to 
1 mmol/l in order to inhibit Cu, Zn-SOD, as has been described 
by others [15] (Fig.2). This method provides almost complete inhi- 
bition of Cu, Zn-SOD activity. Using this mixture of KCN as a 
sample, Mn-SOD activity was measured. Cu, Zn-SOD activity 
was calculated by subtracting Mn-SOD activity from total SOD ac- 
tivity. The protein concentration of the specimen was determined 
using the method of Lowry et al. [lo]. SOD activity was expressed 
as U/mg protein. Xanthine oxidase, hypoxanthine, DETAPAC, 
and SOD were used by dissolving them in PBS. For the measure- 
ment of SOD activity, the ESR spin trapping method was used 
with a JEOL JES-RE1X spectrometer, as described by Miyagawa 
et  al. [6, 131. The ESR spectra recording was started 1 min after 
mixing at room temperature. The spectrometer was set at a micro- 
wave power of 8.0 mW, with a magnetic field of 335 ? 5 mT, sweep 
time of 1.5 min, field modulation width of 0.10 mT, and response 
time of 0.03 s. 

Biochemical parameters 

Serum aspartate aminotransferase (AST) and lactate dehydrogen- 
ase (LDH) were measured at the same time the biopsy specimens 
were taken, as well as on postoperative days 1,3, and 7. In ten ani- 
mals, tissue AST levels were also measured. 
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Table 1 Total SOD activity of the liver graft as measured by the ESR spin trapping method (Pre prepreservation, Post postpreservation, 
Reperfusion immediately after reperfusion, 1 h 1 hour after reperfusion) 

Total SOD activity (Uimg protein) 

Pre Post Reperfusion l h  

Long survivala ( n  = 15) 34.4 k 8.1 34.7 k 12.8 30.7 k 6.7" 33.7 k 11.4d 
Short survivalb (n  = 8) 28.1 k 8.9" 27.5 k 6.6f 15.4 k 6.49 15.9 k 4.0" 

* P < 0.01 for c vs g, d vs h, e vs h, and f vs h; ** P < 0.05 for e vs g 
and f vs g 

a The group of animals with grafts preserved for 6 h 
The group of animals with grafts preserved for 12 h 

Table 2 Activity of the SOD isozymes Mn-SOD and Cu, Zn-SOD of the liver graft as measured by the ESR spin trapping method (Pre 
prepreservation, Post postpreservation, Reperfusion immediately after reperfusion, 1 h 1 hour after reperfusion) 

Mn-SOD activity (Ulmg protein) 

Pre Post Reverfusion 1 h Pre Post Reuerfusion 1 h 

Cu, Zn-SOD activity (Ulmg protein) 

Long survival 12.3 k 5.0 12.6 zk 2.2 13.2 k 3.7 10.5f2.8 19.4k8.4 18.0&9.0 15.9&6.8a 16.9+2.9b 
(n  = 6) 

(n = 6) 
Short survival 9.4 k 2.0 11.1 zk 3.2 10.1 k 3.0 8.9f1.1 15.3k4.3" 14.9k7.5d 7.4k5.4e 7.7 k 3.7t 

* P <  0.01 forb  vs f and cvs f; ** P <  0.05 for a vs e and dvs  f 

Histology 

Biopsy tissues were microscopically examined with hematoxylin- 
eosin (H & E) stain. The numbers of polymorphonuclear leuko- 
cytes (PMN) infiltrated in the liver tissue were counted and were 
expressed as the number of cells per ten high-power fields (HPF) 
under a magnification of x 400. 

Statistics 

All data were expressed as mean +_ SD and statistical analysis was 
performed using Student's t-test with a one-way ANOVA. Statisti- 
cal significance was defined as a P level below 0.05. 

Results 
Animals that had apparently died as a result of technical 
failure or from complications of general anesthesia were 
excluded from further analysis. Two groups of animals 
were then identified, depending on the length of their 
survival: the short survival group (n = 8) survived less 
than 6 days and the long survival group (n = 5 )  6 days 
or longer. The length of cold preservation time corre- 
lated with survival; all of the animals with a preserva- 
tion time of 6 h survived, whereas only one animal with 
a preservation time of 12 h survived longer than 6 days. 
For convenience sake, this latter animal was excluded 
from analysis. Thus, the group of animals with grafts 
preserved for 6 h constituted the long survival group 
and those with grafts preserved for 12 h the short sur- 
vival group. Autopsies of the animals that died during 
the observation period showed that all of the grafts 
were diffusely ischemic with varying degrees of ne- 
crotic change. As there was no specific etiology, such as 

vascular or bile duct complications, the cause of death 
was determined to be PNF. 

The changes in total SOD activity of the liver graft 
are shown in Tablc 1. SOD activity in the long survival 
group was maintained at a relatively stable level 
throughout the perioperative period, whereas that in 
the short survival group decreased immediately after 
and 1 h postreperfusion ( P  < 0.01). Both groups 
showed a minimal change in SOD activity during the pe- 
riod of cold preservation. Two types of SOD isozymes - 
Mn-SOD and Cu, Zn-SOD - were measured in six ani- 
mals in each group. Mn-SOD activities in both of the 
groups were maintained within a relatively stable range 
throughout the study period. For Cu, Zn-SOD activity, 
although the change was minimal in the long survival 
group, it decreased significantly in the short survival 
group after reperfusion (Table 2). 

Changes in the serum AST level are shown in Ta- 
ble 3 a. After reperfusion, it increased in both groups. 
However, in the short survival group, AST was signifi- 
cantly higher than in the long survival group ( P  < 0.01). 
Changes in the serum LDH level are shown in Ta- 
ble 3 b. Significantly higher LDH was noted in the short 
survival group at 1 h after reperfusion ( P  < 0.05). 

The ratio of the activity of SOD to AST in the tissue 
of the liver graft was determined in five animals in each 
group. The ratio of SOD to AST also significantly de- 
creased in the short survival group at 1 h after reperfu- 
sion ( P  < 0.05; Table 4). For SOD isozymes, the ratio of 
Mn-SOD to AST was maintained at a relatively stable 
level throughout the study period. On the other hand, 
the ratio of Cu, Zn-SOD to AST at 1 h after reperfusion 
was significantly lower in the short survival group than 
in the long survival group ( P  < 0.05; Table 5) .  
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Table 3a Changes in serum AST level (Pre prepreservation, Re- 
perfasion immediately after reperfusion, 1 h 1 hour after reperfu- 
sion 

Serum AST (U/1) 

Pre Reperfusion 1 h 

Long survival 22 k 6" 129 f 77b 191 f 119' 

Short survival 19 * 8d 261 k 90e 375 If- 75f 
(n = 15) 

(n = 8) 

* P < 0.01 for a vs b, a vs c, and b vs c in the long survival group, for 
d vs e, d vs f, and e vs f in the short survival group, and forb  vs e and 
c vs f between the two groups 

Table 3b Changes in serum LDH level 

Serum LDH (U/l) 

Pre Reperfusion 1 h 

Long survival 780 f 144" 936 k 2 S b  1072 f 350' 

Short survival 704 k 164d 1225 f 441" 1414 k 377f 
(n = 15) 

(n  = 8) 

* P <  0.01 for a vs c, d vs e, and d vs f; ** P < 0.05 for c vs f, a vs b, b 
vs c. and e vs f 

Table 4 Total SOD to ASTratio in the tissue (Pre prepreservation, 
Post postpreservation, Reperfusion immediately after reperfusion, 
1 h 1 hour after reperfusion 

Total SOD to AST (SOD unit/ASTunit) 
~ ~ 

Pre Post Reperfusion 1 h 

Long survival 24.7 f 6.2 28.9 f 6.3 25.9 i~ 8.2 28.0 k 5.8" 

Short survival 26.7 If- 5.7 28.5 k 4Sb 22.7 f 6.6 21.7 k 1.3" 
(n = 5) 

(n = 5 )  

* PcO.05 for a vsc and b vs c 

The number of PMN accumulated in the tissue in re- 
lation to survival is shown in Table 6. Although the dif- 
ference in PMN infiltration was not significant between 
the two groups after preservation or immediately after 
reperfusion, it was significantly greater in the short sur- 
vival group 1 h after reperfusion ( P  < 0.01; Table 6). 

Discussion 

Ischemia-reperfusion injury remains an important clini- 
cal consideration in liver transplantation. Severe is- 
chemic damage leads to PNF of the graft, which ac- 
counts for approximately 10 % of early graft loss. This, 
in turn, makes retransplantation necessary; otherwise, 
the patient will die [3 ] .  Although ischemic injury can oc- 
cur both prior to and during the preservation period, re- 
perfusion injury appears to be a major factor contribut- 
ing to the development of PNF. Increasing evidence 

has shown that oxygen free radicals, which are gener- 
ated after reperfusion, play a central role in the patho- 
genesis of ischemia-reperfusion injury [5,7,22]. 

Though the amount of free radical production is con- 
sidered of prime importance in determining the extent 
of tissue damage, the capacity to counteract free radi- 
cals is equally important and probably a more signifi- 
cant factor in preventing reperfusion injury. Of the vari- 
ous oxygen free radical scavengers, SOD is thought to 
be one of the most effective in counteracting active 
free radicals. Many studies on reactive oxygen species 
including experimental liver transplantation using 
small animals have reported that the liver is rich in 
SOD [5, 121. However, the results obtained from these 
experiments are not uniformly applicable to clinical sit- 
uations. One of the reasons is the scarcity of data on 
SOD in experimental liver transplantation using larger 
animals [16]. Indeed, it has been shown that the re- 
sponse to oxygen radicals in small animals, such as the 
rat, is different than that in larger animals [19]. An- 
other reason involves a technical problem in the detec- 
tion of SOD activity. The method we used in this study 
for the evaluation of SOD activity was ESR spin trap- 
ping, which was technically simple compared to conven- 
tional methods [13]. Moreover, this is the first report on 
SOD activity in experimental liver transplantation using 
large animals with the aid of the ESR spin trapping 
method. Although there are other antioxidants that can 
interact with superoxide anion, SOD is the major scav- 
enger of superoxide radicals in liver tissue. Minor anti- 
oxidants include ceruloplasmin and glutathione. How- 
ever, their contribution to antioxidant capacity in the li- 
ver is quite small compared to SOD. Therefore, the val- 
ues of scavenging activity measured by ESR closely re- 
flect real SOD activity. This may also be applicable to 
other conventional assays, such as the cytochrome c 
method. 

The results of the present study have clearly demon- 
strated that SOD activity in the liver after cold preserva- 
tion-reperfusion is associated with graft survival and 
preservation time. The fractional study of Cu, Zn-SOD 
and Mn-SOD, which are two isozymes of SOD detected 
in mammals, shows that the former isozyme is a main 
fraction that reflects the changes in total SOD activity af- 
ter reperfusion of the liver graft. Since the Cu, Zn-SOD 
fraction is mostly located in the cellular cytoplasm, in 
contrast to Mn-SOD, a major fraction in the mi- 
tochondria of the cells, the significant reduction in SOD 
activity in grafts preserved for a longer period of time 
was most likely secondary to the change in cytoplasmic 
SOD [Ill. This suggests that SOD in the cytoplasm of 
the hepatocytes is the prime source of SOD, which be- 
comes readily available to counteract the oxygen free 
radicals generated upon reperfusion of the grafts. 

Based on the finding that the change in the SOD val- 
ue occurred immediately after reperfusion of the graft 
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Table 5 SOD isozymes to ASTratio in the tissue of the liver graft (Pre prepreservation, Post postpreservation, Reperfusion immediately 
after reperfusion, 1 h 1 hour after reperfusion) 

Mn-SOD to AST (SOD unit / ASTunit) 
Pre Post Reverfusion 1 h Pre Post Reperfusion 1 h 

Cu, Zn-SOD to AST (SOD unit / ASTunit) 

Long survival 7.6 k 2.9 9.5 ? 4.7 10.4 k 5.5 8.7 k 1.5 17.1 k 6.0b 19.4 k 2.0' 15.5 k 6.1 19.2 k 5.0d 

Short survival 8.9 +_ 1.2 10.0 f 2.8 10.3 k 1.6 10.5 k2.1 17.8 k 5.3 18.5 k 4.4 16.0 k 5.7 11.7 k 3.4" 

* P <  0.05 for a vs d, b vs d, and cvs d 

(n  = 5) 

(n = 5 )  

Table6 Number of PMN accumulated in the tissue of the liver 
graft (Post postpreservation, Reperfusion immediately after reper- 
fusion, 1 h 1 hour after reperfusion) 

PMN (counts/lO high-powerfields) 

Post Reperfusion 1 h 

Long survival 39+_8" 53k16b 78 k 27' 
(n  = 15) 

(n = 8) 
Short survival 4 0 f 5 d  65k17" 121 k 20f 

* P i  0.01 for cvsf ,  avsc,  dvs  e, dvs f, and e vs f;  ** P <  0.05 f o r b  
vs c 

in the animals with a poor prognosis, one may conclude 
that SOD activity reflects reperfusion injury of the graft 
more accurately than other conventional liver function 
tests, such as AST and LDH. In fact, none of the ani- 
mals that showed a marked decrease in SOD activity 
survived. As it appears there is an association between 
a reduction in SOD activity and an increase in conven- 
tional liver enzyme levels, the question may arise of 
whether SOD leaks out from the damaged hepatocytes, 
obscuring the results. For this reason the authors mea- 
sured the relative SOD activity to AST level in the liver 
tissue. Indeed, there was a significant correlation be- 
tween SOD and AST levels in the tissue 1 h after reper- 
fusion (Y = 0.804, P < 0.01). The fact that the relative 
SOD activity in the long survival group is maintained 
at a stable level after reperfusion as compared to that 
in the short survival group indicates that SOD activity 
is adequately maintained, counteracting the oxygen 
free radicals produced after reperfusion. Furthermore, 
the fact that the Cu, Zn-SOD to AST ratio decreased 
significantly in the short survival group 1 h after reper- 
fusion may also imply that inactivation of readily avail- 
able SOD in the cytoplasm is the initiating event, rather 
than the reduction in SOD production. Although the 
precise mechanism of reduction in SOD activity after 
reperfusion is not fully understood, some explanations 
are plausible. A well-known fact is that when superox- 
ide radical is dismuted by SOD, hydrogen peroxide 
(H,O,) is produced [17, 181. Normally, H,Oz is cata- 
lyzed by enzymes such as catalase and glutathione per- 

oxidase to produce water and oxygen. However, this 
H202 inhibits Cu, Zn-SOD activity. The other interest- 
ing aspect of this dismutation process is that the super- 
oxide radical inactivates H,02-catalyzing enzymes [2, 
91. Therefore, unless disproportionally sufficient SOD 
is present in the liver, Cu, Zn-SOD activity is readily in- 
fluenced by the number of oxygen radicals produced. In 
fact, we have preliminary evidence that Cu, Zn-SOD ac- 
tivity did not decrease to a significant degree after oxy- 
gen free radicals had been adequately scavenged, 
whereas Cu, Zn-SOD activity did decrease significantly 
when the residual free radicals were present without 
been scavenged, probably due to the generation of hy- 
droxyl radicals after the reaction of superoxide with hy- 
drogen peroxide. 

Another interesting observation in this study is that 
only a minimal change in SOD activity was noted dur- 
ing cold preservation. This further supports the concept 
that SOD activity is a good indicator of reperfusion in- 
jury to the graft. 

Although the precise mechanism of reperfusion in- 
jury is not well understood, numerous reports by others 
have shown that a microcirculatory disturbance trig- 
gered by the destruction of sinusoidal endothelial cells 
is an initial event that causes reperfusion injury, leading 
to PNF [4, 71. Although the data are not shown, from 
the author's preliminary study on the SOD isozyme of 
endothelial cells obtained from cultured bovine cells, 
Cu, Zn-SOD was the major SOD fraction in these cells. 
Therefore, it is conceivable that there is some damage 
not only to the hepatocytes but also to the sinusoidal en- 
dothelial cells. 

The finding that there were significantly increased 
numbers of PMN infiltrates in the liver graft in the ani- 
mals with a poor prognosis may be one of the underly- 
ing etiology of reperfusion injury. Although a signifi- 
cant increase in the number of PMN was not observed 
at the time of reperfusion of the graft, generation of 
these cells occurs early in the phase after reperfusion of 
the graft, as previously suggested by others [20,21]. As 
has been shown, PMN are an important source of 
some, if not all, oxygen free radicals [20]. Other nonpa- 
renchymal cells of the liver that are considered to be a 
source of oxygen free radical production include Kupf- 
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fer cells, although quantification of this type of cell was 
not studied in this report [8]. 

In conclusion, the SOD level in the liver correlates 
well with graft outcome of liver transplantation after 

cold preservation, and the measurement of this enzyme 
may be a reliable indicator for the outcome of liver 
transplantation. 
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