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Abstract. The present work was undertaken to study
whether the immunosuppressive agents cyclosporin
(CyA) and azathioprine (AZA) ameliorate hepatic injury
after warm ischemia. A temporary, normothermic liver
ischemia was induced in female Sprague-Dawley rats. The
rats were treated with CyA (10 mg/kg per day p.o.), AZA
(8 mg/kg per day p.o.), or vehicles for 4 days before
surgery. Seven-day survival rates after 60 min of ischemia
improved significantly with CyA (76.2 %, P <0.005) and
AZA (78.6%, P <0.001) treatment, compared with
43.0% for the control group. The highest levels of serum
aminotransferases in the treatment groups tended to be
lower than those in the control group. The peak values for
the percentage of liver necrosis, an indicator of the extent
of hepatic necrosis, in the animals treated with CyA
(261% £7.2%, meantSEM) and AZA (32.1%
5.7% ) were significantly lower than in the control group
(47.4% £3.7%). Lipid peroxidative damage after reper-
fusion, assessed as the hepatic malondialdehyde (MDA)
concentration, was significantly suppressed by pretreat-
ment with CyA and AZA. Histological findings coincided
with other parameters. This study demonstrates that both
AZA and CyA have beneficial effects on normothermic
liver ischemia in rats. It is suggested that the diminished
lipid peroxidative damage with these agents might be one
of the mechanisms responsible for this.
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Introduction

Ischemia and reperfusion injury to the liver, a major indi-
cation for retransplantation, remains a problem in liver
transplantation [29]. There is also increasing evidence
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that ischemia and the attendant injury to the graft may
produce an increased incidence of allograft rejection
[10]. Subsequently, the focus of research on hepatic in-
jury after ischemia and reperfusion has been aimed at
preventing deterioration of organ function by pharma-
cotherapy and at developing a better preservation tech-
nique [11, 25].

We have recently reported that the immunosup-
pressive agent cyclosporin (CyA) can ameliorate warm
ischemic injury to the liver both in rats [12] and in pigs [14].
We have also revealed that CyA works favorably in the
cold preservation of rat liver allografts [7]. This beneficial
effect of CyA on ischemic insults has been confirmed by
other investigators [9, 16]. As far as an underlying mech-
anism is concerned, we have speculated that CyA might
prevent hepatic injury mainly by modulating the possible
inflammatory and/or immunological response to the
ischemically injured liver. However, it remains to be seen
whether the protective action to the ischemic liver is a
common property of immunosuppressants.

On the other hand, recent studies indicate that reperfu-
sion injury to the liver supervenes after revascularization
because of the production of oxygen-derived free radicals
that lead to lipid peroxidation [20, 36]. Therefore, it is also
worthwhile examining the influence of immunosup-
pressive agents on ischemia-induced peroxidative injury.

The objective of this study was to evaluate the effects of
azathioprine (AZA), another conventional immunosup-
pressant, on hepatic injury associated with normothermic
ischemia in terms of survival, serum enzymes, lipid perox-
idation, and histology. In addition, superoxide scavenging
activities of AZA and CyA were observed.

Materials and methods

Female Sprague-Dawley rats weighing 200-300 g were used in this
study. A temporary, normothermic ischemia of the liver was induced
as described elsewhere [12]. Briefly, the abdomen was opened
through a midline incision under light ether anesthesia. The portal
vein and the hepatic artery to the left lateral and median lobes were
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Fig.1. Comparative survival rates of rats subjected to 60 min of
warm liver ischemia. The cumulative survival rates were significant-
ly improved by preoperative treatment with CyA (-O—-,76.2% ) and
AZA (-O-, 78.6%) compared with that in the olive oil control
group (—®-, 43.0%). Numbers in parentheses are the number of
animals at risk

occluded with asmall vascular clip. After 60 min of ischemia, the rats
were reanesthetized and the clip was released. The right lateral and
caudate lobes were excised at the reperfusion, leaving only the
ischemic hepatic lobes behind. This enabled us to induce a total he-
patic ischemia without the development of mesenteric venous con-
gestion. The antibiotic cefamandole sodium (100 mg/kg) was intra-
muscularly administered just before laparotomy. The animals were
not starved prior to the experiments and they received care in ac-
cordance with the guidelines for animal experimentation of Oita
Medical University.

The animals were assigned to four groups. Inthe CyA and AZA-
pretreated groups, the rats received a 4-day course of CyA (10 mg/kg
perday) or AZA (8 mg/kgper day) therapy by gavage starting 4 days
before the surgery. CyA (Sandoz, Basel, Switzerland) was dissolved
in olive oil at 10 mg/ml. AZA (Wellcome Foundation, London, UK)
was suspended in a physiologic saline at 4 mg/ml. The rats treated
with olive oil or saline vehicle served as controls.

In the first experiment, a total of 138 rats were subjected to
60 min of warm liver ischemia and were followed for 7 days post-
operatively. In each group, five to nine animals were sacrificed on
days 1, 2, 3, 5, and 7. Immediately before sacrifice, blood samples
were taken from the inferior vena cava for biochemical analysis, and
the livers were removed for histological examination. All of these
samples were obtained from the animals that eventually survived in
each group. For the preoperative controls, six rats in each group
were exsanguinated. As liver-related enzymes in serum, levels of
alanine aminotransferase (S-ALT) and aspartate aminotransferase
(S-AST) were determined by an ultraviolet method using an auto-
analyzer (JEOL JCA-MS24, Japan). Liver specimens were stained
with hematoxylin and eosin for the histological examination. The
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ratio of necrotic lesions to whole liver, used as an indicator of the ex-
tent of liver necrosis, was determined as follows: a transverse section
of the dissected liver was stained with H&E and projected onto
paper. The surface densities of the necrotic areas were measured by
computerized planimetry using a digitizer (Logitec K-510, Japan)
and a computer (NEC PC-9801, Japan) so that the necrotic areas
could be expressed as a percentage of the entire surface of the slices.
For the preliminary survival study, a group of 68 rats was used and
pretreated with olive oil or saline. Seven-day survival rates for the
olive oil and the saline groups were 56.7% (17/30) and 50.0%
(19/38), respectively; there was apparently no statistically significant
difference (¥*= 0.09, P = 0.763). Therefore, the olive oil-treated rats
were chosen as the control group and the saline-treated animals
were omitted from the first experiment.

In a second experiment, levels of liver tissue malondialdehyde
(MDA), one of the stable end-products of lipid peroxidase, were
determined in 60- and 90-min ischemic models. In each experimental
group, five to nine rats were sacrificed before the ischemia, at the end
of the ischemic period, and 60 min after reperfusion. Tissue samples
were taken from the median liver lobes. The measurement of liver
tissue MDA was carried out by a colorimetric reaction with thiobar-
bituric acid (TBA) using the method of Ohkawa et al. [26]. Protein
concentration was determined in accordance with the method of
Lowry et al. [18]. Tetracthoxypropane was used as an external stand-
ard, and the level of lipid peroxides was expressed as nmol/mg pro-
tein of MDA.

To investigate whether these immunosuppressants have radical
scavenging action, the effects of CyA and AZA were separately
tested in vitro. The superoxide scavenging activities (SOSA) of these
agents were measured in the hypoxanthine-xanthine oxidase system
by electron spin resonance (ESR), using 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) as a trap, according to the method of Miyagawa et
al. [22]. Briefly, 15 pl of DMPO was previously mixed with 50 pl of
2 mM hypoxanthine, 35ul of 5.5 mM diethylenetriaminepenta-
acetic acid (DETAPAC), and various concentrations of standard
superoxide dismutase (SOD) or 1 mM of the immunosuppressants.
Next, xanthine oxidase (50 ul of 0.4 U/ml) was immediately added
and the ESR spectrum of an aligout of the reaction mixture was
takenina JEOL JES-RE1X spectrometer. The SOSA was evaluated
by the change in the DMPO-OOH/MnO intensity ratio and calcu-
lated from a quantitative line for SOD.

The results were statistically compared using the generalized
Wilcoxon test for survival rates and Student’s unpaired ¢-test for
other parameters. Statistical significance was defined as a P value
less than 0.05.

Results

Survival curves after 60 min of warm ischemia of the liver
are shown in Fig. 1. In the olive oil control group, 33 of
62 rats died, 26 before the 1st postoperative day and 7 be-
tween days 1 and 2. In contrast, only 8 animals out of 37
died in the CyA-treated group, 6 within 24 h after the
operation and 2 within consecutive 24-h periods. In the
AZA-treated group, only 7 rats died among 39 used, 6 be-
fore the 1st day and 1 between days 3 and 5. Thus, the
cumulative survival rates at day 7, calculated using the
Kaplan-Meier method, were 43.0%, 76.2 %, and 78.6 %
for the rats treated with olive oil, CyA, and AZA, respec-
tively. Compared with the control group, the differences
were statistically significant for the CyA-treated group
(P =0.003) and for the AZA-treated group (P = 0.0008).
There was no significant difference between the CyA and
the AZA pretreatment groups.

The changes in percentage of liver necrosis are de-
picted in Fig.2. In all of the groups, increases in the levels
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Fig.2. Changes in percentage of liver necrosis that is the histologi-
cally determined ratio of necrotic lesion to whole liver. When the
values were compared at 24 h, CyA-treated (-O-, 26.1% £7.2%,
mean £ SEM) and AZA-treated (- 0-,32.1% £5.7% ) animals had
significantly lower levels than controls given olive oil (-®-,
474% £3.7%). * P <0.05, ** P <0.03

were observed at 24 or 48 h postoperatively but declined
thereafter. When the values at 24 h were compared among
the groups, the percentages of liver necrosis were signifi-
cantly lowerin the rats pretreated with CyA (P = 0.021) or
AZA (P =0.038) than in the controls. At no time point
was there a statistically significant difference between the
levels in the CyA and the AZA pretreatment groups.

In Fig.3, serial changes in S-ALT and S-AST are illus-
trated. Enzymatic activities of S-ALT rose sharply in all
groups 1 day after liver ischemia. However, the peak le-
velsin the CyA and the AZA treatment groups tended to
be lower than in the control group, although the differen-
ces were not statistically significant (P =0.304 and
P =0.141 for the CyA and AZA groups, respectively). A
similar result was obtained in the measurement of S-AST.

Changes in MDA levels of the liver undergoing 60 min
of ischemia are presented in Fig.4 A. In both the saline
and the olive oil control groups, the MDA levels remained
relatively steady during the ischemia but tended to in-
crease at 60 min after reperfusion. By contrast, the level in
the CyA-treated animals was reduced to 62.8% of the in-
itial value at the end of the ischemic period. At 1 h after
reperfusion, the MDA level in the CyA group was signifi-
cantly lower than in the control group, although an in-
crease in the MDA level was observed in this group. In the
AZA-treated group, the change in the MDA levels was
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Fig.3. Serial changes in S-ALT and S-AST following 60 min of liver
ischemia. Although the differences were not statistically significant,
the enzymatic activities at 24 h in the CyA (-O-) and the AZA
(-D-) treatment groups had a tendency to be lower than in the olive
oil control group (- ®-). Values are expressed as mean = SEM

similar to that in the CyA-treated group; the difference
was not statistically significant between the saline and the
AZA treatment groups. Prolongation of the ischemic
period up to 90 min resulted in a remarkable increase in
the MDA level 1 h after reperfusion in the control groups
(Fig.4B). In contrast, pretreatment with both CyA and
AZA decreased the absolute levels during the ischemic
period and significantly suppressed the elevation of MDA
following reflow of blood.

As shown in Fig.5, the signal height of DMPO-OOH
did not change after addition of CyA or AZA, demon-
strating that both agents had no significant scavenging
activity of superoxides. The SOSA of 1 mM of CyA and
AZA, determined from a quantitative line for superoxide
dismutase, was (.01 and 1.17 U/ml, respectively.

Histological alterations in representative livers taken
at 1 h after 60 min of ischemia are illustrated in Fig.6. In
the olive oil control group, eosinophilic changes with nu-
clear pyknosis were manifest in the hepatocytes. Cyto-
plasmic vacuolization was also seen in parenchymal cells
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Fig.4A,B. Effect of CyA (-O-)and
AZA (-0O0-) on MDA levels in rat livers.
A Sixty minutes and

B 90 min of warm hepatic ischemia were
B induced. MDA levels were determined

. , before, during, and 1 h after ischemia.
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Fig.5. Effects of SOD, CyA, and AZA on the formation of DMPO-
OOH spin adduct. Co, ESR spectrum recorded before addition of
reagents tested; SOD, CyA and AZA, ESR spectra recorded after
addition of 20 U/ml superoxide dismutase, 1 mM cyclosporin and
1 mM azathioprine, respectively
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(Fig.6 A). Histological changes in the saline control livers
were, as shown in Fig. 6B, similar to those in the olive oil
vehicle group. In contrast, degenerative alterations in the
parenchymal cells were rarely seen in the groups treated
with CyA and AZA (Fig. 6C,D). The degree of inflamma-
tory cell infiltration and sinusoidal dilation did not differ
among the groups observed at this time point.

Discussion

The present data show that pretreatment with both
AZA and CyA significantly improved the survival of rats
after hepatic ischemia. This was associated with ameliora-
tion of the percentage of liver necrosis, lower levels of
serum transaminases, and suppression of lipid peroxide
production and degenerative changes in histology.
Although it is not entirely clear how pretreatment with
immunosuppressive drugs ameliorates the ischemic in-
jury, the current study demonstrates that the mechanism
underlying the protective effects of CyA and AZA is part-
ly related to diminished lipid peroxidative damage to the
ischemic liver.

There is some controversy as to whether warm
ischemic models are relevant to the study of graft preser-
vation damage in which grafts are essentially subjected to
cold ischemia. It is generally thought that cold ischemia
preferentially kills endothelial cells, whereas warm anoxia
rapidly leads to parenchymal cell death [21]. This does
not, however, take away from the relevance of the current
study to other situations such as liver surgery. In typical
hepatic resection, the liver can undergo warm ischemia
and reperfusion injury by clamping the vessels to this
organ to avoid bleeding. Moreover, the protective effect
of CyA on cold ischemia has been confirmed in the he-
patic transplant model using long-term preserved grafts
[ 7], indicating that the warm ischemic model employed in
this study can be utilized for preservation studies.






Ischemia-reperfusion injury is thought to be mainly
caused by oxygen-derived free radicals and subsequent
lipid peroxidative reactions on biomembranes and subcel-
lular organelles in the liver [19, 20, 31]. In this study both
CyA and AZA reduced lipid peroxide production during
the ischemic period and upon reperfusion but had no di-
rect effect on scavenging superoxide produced in the hy-
poxanthine-xanthine oxidase system. Moreover, neither
of these agents had scavenging activity for hydroxyl radi-
cals (unpublished data). This suggests that these two
agents exert their protective effect on ischemia via a
mechanism unlike that of radical scavengers such asSOD
or catalase, and that oxygen radical production might be
diminished by immunosuppressants. Qur observation,
however, cannot rule out the possibility that immunosup-
pressive agents modulate the capability of endogenous
antioxidant to scavenge radicals, the susceptibility of bio-
membranes to lipid peroxidation, or adenine nucleotide
degradation to hypoxanthine, which serves as an oxidiz-
able purine substrate. Indeed, there are several reports
suggesting that the protective properties of CyA in
ischemic injury could be due to a stabilizing effect on lyso-
somal and mitochondrial membranes [9, 16]. CyA is also
reported to inhibit hydroperoxide-induced opening of
pores in the mitochondrial membrane, preventing dete-
rioration of mitochondrial function [3].

Although there are many possible sources of free radi-
cal production, macrophages and circulating neutrophils
are currently thought to be potent sources of deleterious
chemical mediators, including oxygen-derived free radi-
cals [1, 8, 30]. Postischemic activation of Kupffer cells may
increase the capacity to produce toxic forms of oxygen
and cause dysfunction of the hepatic microvasculature
[34]. In addition, oxygen radicals can directly increase the
endothelial expression of an adhesion molecule, feading
to leukocyte-mediated endothelial injury [27]. Interes-
tingly, in this regard, it has been reported that CyA indi-
rectly reduces the ability of macrophages to produce hy-
drogen peroxide (H,O;) and the superoxide anion (O-)
by potentially arresting lymphokine production {6]. Fur-
thermore, we observed that in vivo treatment with CyA
could diminish the productivity of superoxide by circulat-
ing leukocytes (unpublished data), although the relation-
ship between AZA and such a formation of oxygen radi-
cals is unknown. Taken together, we postulate that in the
early phase of reperfusion, these immunosuppressants
protect the liver from ischemic injury mainly by suppress-
ing the oxygen radical production from neutrophils and
macrophages, including Kupffer cells, and that this might
contribute to the reduced MDA production after reperfu-
sion, especially in the 90-min ischemic model (Fig.4 B).
However, it is still possible that these agents do not func-
tion by suppressing oxygen radical generation since there
was an increase in MDA after reperfusion in the drug-
treated groups following 60 min of ischemia.

Fig.6 A-D. Representative histological alterations in the liver. All
specimens were taken 1 h after 60 min of ischemia and were stained
with H& E (x 250): A olive oil-treated; B saline-treated; C CyA-
treated; D AZA-treated
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We consider the metabolism of eicosanoids, which are
possible major mediators of ischemia and shock, as an-
other potent source of lipid peroxides [17]. In the liver,
these oxygenated metabolites of arachidonic acid may be
synthesized by different types of cells: endothelial cells,
Kupffer cells, or intravascular leukocytes and platelets
[4, 8]. Lipid peroxides are known to be a side product in
the biosynthesis of prostaglandin, thromboxane, prosta-
cyclin, and leukotrienes [2]. Therefore, it is probable that
certain steps in the arachidonic cascade may be vulnerable
to AZA and CyA. In fact, imidazole, which is a compo-
nent of AZA, has been demonstrated to inhibit throm-
boxane synthetase [28]. In addition, CyA has been re-
ported to specifically block the transformation of arachi-
donate into thromboxane in peritoneal rat macrophages
[32]. This may explain the decreased absolute levels of
MDA during the ischemic period (Fig.4 A, B).

It is equally conceivable that CyA and AZA may
affect the detrimental reactions in the later progressive
phase of reperfusion injury to the liver. Among the dele-
terious chemical mediators produced after reperfusion,
cytokines such as IL-1, TNF, and IFN-I" are known to
cause endothelial cells to bind and activate leukocytes
that predispose to endothelial injury [23, 24]. In addition,
these cytokines may render endothelial cells more sus-
ceptible to neutrophil-mediated killing [35]. Therefore,
we hypothesize that inhibition of cytokine production by
CyA and AZA might also account for amelioration of
hepatic injury. In this regard, we have tested the effect of
pretreatment with CyA and AZA on cytokine produc-
tion in a 60-min warm ischemia model and confirmed in
the preliminary study that serum TNF levels could be
suppressed [123.2+38.7 pg/ml (mean+SD) 6h post-
hepatic ischemia in the vehicle-control group (n =7),
77.7+ 49.8 for the CyA-pretreated (n =3)and 82.5£57.9
for the AZA-pretreated (n=3) groups]. It is also
possible that hepatotrophic qualities of CyA and AZA
are an underlying mechanism that participate in the
protective effect against ischemic injury. We and others
have suggested a possible link between the immune sys-
tem and hepatic regeneration [5, 13, 15]. However,
whether the hepatotrophic actions of these agents are
dependent on, or independent from, their immunosup-
pressive properties is still a controversial issue [33].

Further investigations are needed to clarify whether
ischemic damage stimulates the immune system, some-
thing which could contribute to a higher incidence of re-
jection after liver transplantation [10]. If the immune re-
sponse is evoked by an ischemically injured liver, immu-
nosuppressive pretreatment of donors and/or recipients
would be of great importance in preventing the resulting
rejection. We are still investigating the amount of drugs re-
quired and the duration of therapy, as well as which mech-
anisms underlie this phenomenon.

In conclusion, we were able to confirm that both AZA
and CyA protect the rat liver from warm ischemic injury.
It was suggested that preoperative treatment of a donor
and/or a recipient with immunosuppressants may be clini-
cally beneficial to protect the transplanted liver graft from
ischemia/reperfusion injury. The possible application of
this effect to other hepatic surgery was also implied.
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