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Abstract Mycophenolate mofetil 
(MMF) is a new immunosuppressive 
agent which has been used success- 
fully after kidney and heart trans- 
plantation. Experience with MMF 
after liver transplantation is still 
limited. In particular, there is no 
information about influence on 
ischemia-reperfusion injury (IRI). 
Therefore, the aim of this investiga- 
tion was to assess the effects of 
mycophenolic acid (MPA), the 
pharmacologically active metabolite 
of MMF, in the cold-preserved or 
normal rat liver. Livers of male 
Sprague-Dawley rats were subjected 
to cold ischemia in University of 
Wisconsin (UW) solution (24 h, 4°C) 
and reperfused for 2 h in the absence 
or presence of MPA (100 pg/ml, 
n = 5-6 each). Another group re- 
ceived MPA pretreatment for 20 min 
prior to ischemia (n = 7). In further 
experiments, livers were perfused 
with a bile salt-free Krebs-Henseleit 
buffer in a continuous fashion (con- 
trols, n = 5). MPA was infused from 
20-40 min after starting perfusion in 
therapeutic concentrations (5 pg/ml, 
10 pg/ml, 40 pg/ml, and 100 pg/ml; 
n = 3-6 each). There was no signifi- 
cant influence of MPA on portal 
pressure nor on postischemic efflux 
rates of LDH. MPA pretreatment 
resulted in a significant improvement 
of bile flow during reperfusion 
(0.32k0.05 pl/min x g liver) com- 
pared with controls (0.17 *0.04 pl/ 
min x g liver, mean f SEM). In 

contrast, postischemic bile flow was 
not influenced by continuous ad- 
ministration of MPA during the 
reperfusion period only (0.18 rt 0.07 
pl/min x g liver). In continuously 
perfused livers, MPA increased bile 
salt-independent bile flow 
(1 .OO f 0.06 pl/min x g liver) in a 
dose-dependent manner, reaching 
half-maximal effects around 5 pg/ml 
(1.66 f 0.15 pl/min x g liver) and 
maximal effects at 40 pg/ml 
(2.61 k 0.28 pl/min x g liver). In 
conclusion, neither preischemic nor 
postischemic administration of 
MPA influences IRI to hepatocytes 
significantly after hypothermic 
liver preservation in UW solution. 
In contrast to other immunosup- 
pressive agents, MPA exhibits strong 
choleretic effects, which are related 
to a stimulation of bile salt-inde- 
pendent bile formation. 
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Introduction 

Ischemia-reperfusion injury (IRI) of the liver represents 
a serious clinical problem after liver transplantation. IRI 
contributes to problems such as primary nonfunction, 
dysfunction, and nonanastomotic biliary stenosis [ 17, 
341, and these complications are major causes of re- 
transplantation and mortality [29]. 

Preservation injury of the graft liver has been reduced 
by the introduction of the University of Wisconsin (UW) 
solution [2]. Recent reports have shown that the im- 
munosuppressive agents azathioprine, cyclosporine 
(CyA), and FK 506 not only are powerful immunosup- 
pressive substances, but also can protect against reper- 
fusion injury following warm and cold ischemia, 
respectively [19, 21, 22, 23, 31, 331. On the other hand, 
treatment with immunosuppressants can be associated 
with hepatotoxic effects. A recent report by Chan et al. 
[lo] confirmed significant cholestatic effects of CyA 
which may contribute to early graft dysfunction. CyA- 
induced cholestasis is caused by inhibition of ATP-de- 
pendent bile acid carriers in the canalicular membrane, 
which leads to a reduction of bile salt-dependent bile 
flow [7]. Azathioprine, an inhibitor of purine synthesis, 
protects sinusoidal endothelial cells against IRI, but in- 
creases hepatocellular injury [25]. These findings suggest 
both toxic and protective effects of immunosuppressants 
on IRI. 

Mycophenolate mofetil (MMF) is a new immuno- 
suppressive agent which has been used successfully after 
kidney and heart transplantation [13, 24, 32, 371 and 
more recently after liver transplantation [15, 201. How- 
ever, there is no information about influence on IRI. 
MMF is rapidly and completely converted to the active 
metabolite mycophenolic acid (MPA) by plasma ester- 
ases [28]; the parent compound is not measurable in 
plasma. MPA is subsequently glucuronidated in the liver 
to MPA glucuronide (MPAG) 111. MPAG is secreted 
into bile [16], suggesting a possible modulation of bile 
salt-independent bile flow by this substance. MPA is a 
noncompetitive and selective inhibitor of inosine mono- 
phosphate dehydrogenase (IMPDH) [28]. Inhibition of 
IMPDH blocks the de novo synthesis of guanosine nu- 
cleotides, which are necessary substrates for DNA and 
RNA synthesis. Recently, it has been shown that MPA 
can indirectly block nitric oxide synthase activity as a 
consequence of guanosine nucleotide depletion [35]. Be- 
cause removal of the vasodilator NO aggravates reper- 
fusion injury of the liver due to microcirculatory failure 
[38], early MPA administration could enhance reperfu- 
sion injury. On the other hand, removal of NO may lead 
to decreased formation of highly toxic peroxynitrite, 
thereby suggesting cytoprotective effects. Based on these 
studies, aim of this investigation was to assess the effects 
of MPA on cell damage and liver function in continu- 

ously perfused and cold-preserved rat livers. Experi- 
mental evidence suggests that sinusoidal endothelial cells 
(SEC) are more susceptible to cold ischemia than he- 
patocytes [9, l l ,  301. However, recent studies demon- 
strated considerable hepatocyte and SEC injury after 
cold ischemia [6, 181. We therefore investigated the effect 
of MPA on hepatocyte injury and bile flow as an indi- 
cator of hepatocyte function. 

Materials and methods 

Perfusion of rat liver 

Male Sprague-Dawley rats weighing 250-300 g were purchased 
from Savo (Kislegg, Germany) and housed in a climatized room 
with a 12-h light-dark cycle. The animals had free access to chow 
(Standard-Diet, Altromin 1314; Lage, Germany) and water up to 
the time of the experiments. The study was registered with the local 
animal welfare committee. Perfusion was performed as described 
previously [4, 361. Rats were anesthetized with pentobarbital so- 
dium (50 mg/kg body weight, intraperitoneally). After incision of 
the abdominal wall, the portal vein was cannulated with a 14-gauge 
Teflon intravenous catheter and the liver was perfused in situ with 
hemoglobin-free and albumin-free bicarbonate-buffered Krebs- 
Henseleit (KH) solution (pH 7.4, 37°C) gassed with 95% O2 and 
5% COz. The Krebs-Henseleit buffer contained 118 mmol NaCl/l, 
4.8 mmol KCI/I, 1.2 mmol KH2P04/I, 1.2 mmol MgS04/1 x 7H20, 
1.5 mmol CaC12/1, and 25 mmol NaHC03/1. The perfusion medium 
was pumped through the livers with a membrane pump at a con- 
stant flow rate of 3.0-3.5 ml x m i d  x g liver in a nonrecirculating 
fashion. The inferior vena cava was then cannulated via the right 
atrium and ligated above the right renal vein. The bile duct was 
cannulated with polyethylene PElO tubing, and bile was collected 
in preweighed tubes and measured gravimetrically. Portal pressure 
was monitored continuously during the total perfusion period. 

Sinusoidal efflux of lactate dehydrogenase (LDH) was measured 
as index of hepatocyte damage [6, 361. Activities of LDH in per- 
fusate were analyzed according to standard photometric tests [3]. 
Sinusoidal LDH eftlux rates were calculated from activities in 
perfusate multiplied by the rate of perfusate flow per minute and 
weight of liver in grams. 

Experimental design 

Three groups of rats were subjected to ischemia-reperfusion, and 
five groups of rats were studied with continuous liver perfusion 
without ischemia. In the experiments subjecting livers to cold is- 
chemia, after 30 rnin of perfusion with KH buffer, livers were 
perfused with 30 ml of cold (4°C) UW solution for 1 min [18]. 
Then, the organs were kept in 150 ml of UW solution at 4°C for 24 
h. Following this period of ischemia, the livers were reperfused with 
KH buffer (37°C) at the preischemic flow rate in a nonrecirculating 
fashion for 2 h. 

Three groups of animals were subjected to ischemia-reperfusion 
as follows: (1) untreated (n = 5): 30 rnin of perfusion, 24 h of cold 
ischemia, and reperfusion for 120 min; (2) 100 pg MPA/ml during 
reperfusion (n  = 6): 30 rnin of perfusion, 24 h of cold ischemia, and 
reperfusion for 120 min with 100 Fg MPA/ml; p(3) 100 pg MPA/ml 
before ischemia (n = 7): 100 pg of MPA/ml during 20 min until 
ischemia, 24 h of cold ischemia in UW solution containing 100 pg 
MPA/ml, and reperfusion for 120 rnin with KH buffer. 

In further experiments, five groups of rats were studied with 
continuous liver perfusion without ischemia. Group 1 underwent 
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continuous perfusion for 100 rnin (controls, n = 7). Groups 2-5 
were subjected to different MPA concentrations ( 5  pg/ml, 10 pg/ml, 
40 lg/ml, or 100 pg/ml, n=3-6 each) from 20 to 40 rnin after 
starting perfusion. MPA concentrations corresponded to the range 
of maximum plasma MPA concentrations following oral or intra- 
venous administration of MMF in healthy individuals and patients 
with impaired liver function, respectively [8]. 

MPA was a gift from Roche Bioscience, Palo Alto, USA. 
MPA was dissolved in KH buffer. Stock solutions were infused 
into the portal inflow of the perfusion system by infusion pumps. 
UW solution was purchased from DuPont (Bad Homburg, 
Germany). 

Statistics 

All data are expressed as mean + standard error of mean (SEM). 
Analysis of variance (ANOVA) and the t-test of independent 
means were used to determine differences between multiple groups 
and two groups, respectively. When F-ratios were significant, 
means were compared using Bonferroni's test as the post hoc 
comparison. A P-value of 0.05 or below was considered statistically 
significant. The statistical analyses were performed with SPSS 
software, Release 6.1.3 (SPSS, Chicago, Ill., USA). 

Results 
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Fig. 1. Release of LDH into the perfusate during reperfusion of 
livers after 24 h of cold ischemia in the presence or absence of 
MPA. MPA (100 pg/ml) was infused for 20 rnin until ischemia or 
was infused only during the reperfusion period of 120 min. 
Administration of MPA during the preischemic or postischemic 
perfusion period did not influence the time course of postischemic 
LDH release (mean f SEM). Filled circles controls (n = 5); $filled 
squares 100 pg MPA/ml during reperfusion ( n = 6 ) ;  empty circles 
100 pg MPA/ml prior to ischemia (n = 7) 

Effects of preischemic or postischemic 
MPA administration on hepatic 
ischemia-reperfusion injury 

During preischemic perfusion, sinusoidal efflux rates of 
LDH were low and at a constant level (3.1 5zO.4 m u /  
min x g liver). Preischemic LDH efflux was not influ- 
enced by 100 pg MPA/ml (1.7Zt0.8 mU/min x g liver). 
Following reperfusion, LDH release markedly increased 
up to about 100-fold (589 f 133 mU/min x g liver) at the 
end of reperfusion, reflecting considerable cell damage 
(Fig. 1). This cell damage was neither influenced by 
preischemic (648k206 mU/min x g liver) nor by 
postischemic administration of MPA (745 f 193 m u /  
min x g liver). 

Preischemic portal pressure was 5.7 f 1.5 cm H 2 0  and 
similar in all three experimental groups (5.6 * 1 .O cm 
H20 in the group receiving MPA during reperfusion and 
4.6k0.5 cm H20 in the group receiving MPA prior to 
ischemia). During reperfusion, portal pressure increased 
markedly (1 1 .O k 1.8 cm H20), reflecting an increased 
hepatic vascular resistance (Fig. 2). The time course of 
portal pressure during the reperfusion period was not 
significantly affected by administration of MPA (Fig. 2). 

Function of cold-preserved livers was assessed by 
recovery of bile flow. During reperfusion bile flow of the 
untreated livers remained markedly reduced and 
returned to a maximum of only 0.17Zt0.04 pl/min x g 
liver after 30 rnin of reperfusion (Fig. 3). Postischemic 
bile flow was not influenced by continuous administra- 
tion of 100 pg MPA/ml during the reperfusion period 
(0.18 5z 0.07 pl/min x g liver after 30 rnin of reperfusion). 
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Fig. 2. Time course of portal pressure after cold ischemia in the 
presence or absence of MPA. MPA was infused 20 min during the 
preischemic perfusion period or given only during the reperfusion 
period. Portal pressure (mean k SEM) was not significantly 
influenced by MPA during reperfusion or by MPA prior to 
ischemia compared with untreated livers. Filled circles controls 
(n = 5); filled squares 100 pg MPA/ml during reperfusion (n = 6); 
empty circles 100 pg MPA/ml prior to ischemia (n = 7) 

In contrast, MPA pretreatment induced a significant 
increase in bile flow during the preischemic period 
(2.72 f 0.26 pl/min x g liver) compared with controls 
(1.11 3~0.06, P<0.05). In addition, MPA pretreatment 
of cold-preserved livers resulted in a significant 
(P < 0.05) increase in postischemic bile flow to a maxi- 
mum of 0.32f0.05 pl/min x g liver (Fig. 3), suggesting 
improvement of postischemic liver function. Because 
MPA pretreatment did not prevent cell damage, the 
increase in bile flow could be the consequence of 
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Fig. 3. The effect of MPA on bile flow after 24 h of cold ischemia. 
MPA (100 pg/ml) was infused before or after ischemia as described 
in Fig. 1. MPA administered prior to ischemia significantly 
augmented bile flow (mean k SEM) during reperfusion. Filled 
circles controls (n=5); filled squares 100 pg/ml MPA during 
reperfusion (n  = 6); empty circles 100 pg/ml MPA prior to ischemia 
(n = 7). *P < 0.05 compared with untreated livers 

choleretic effects, thereby mimicking improved liver 
function. This hypothesis was tested by experiments in 
continuously perfused rat livers. 

MPA administration and continuous nonischemic 
liver perfusion 

During the perfusion period of 100 min, LDH release of 
untreated livers increased very slightly (6.2 f 0.8 mU/min 
x g liver), indicating negligible cell damage until the end of 
perfusion. Portal pressure remained nearly constant 
during the perfusion period (4.4 f 0.4 cm H 2 0  after 100 
min of perfusion). Bile flow declined slowly during the 
perfusion period (Fig. 4), which is comparable with pre- 
vious results [27,28, 291. When MPA was infused over 20 
min, neither portal pressure (3.5 f 0.9 cm HzO, 3.7 f 0.4 
cm H20, 3.5 & 0.2 cm H20,  and 2.8 & 0.2 cm H 2 0  after 
100 min of perfusion) nor sinusoidal efflux of LDH were 
significantly affected by any tested concentration of MPA 
(6.2 f 0.7 mU/min x g liver, 11.2 f 0.7 mU/min x g liver, 
27.9 f 8.3 mU/min x g liver, and 16.2* 7.7 mU/min x g 
liver with 5 pg MPA/ml, 10 pg MPA/ml, 40 pg MPA/ml, 
and 100 pg MPA/ml, respectively). 

Interestingly, infusion of MPA (100 pg/ml) signifi- 
cantly (P < 0.05) increased bile flow from 1 .OO * 0.06 pl/ 
rnin x g liver to 2.48 + 0.32 pl/min x g liver (Fig. 4). 
Upon termination of MPA administration, bile flow 
declined to baseline values within 15-20 min. MPA at 
concentrations observed in human plasma increased bile 
flow in a dose-dependent fashion, reaching half-maximal 
effects around 5 pg/ml and maximal effects at 40 pg/ml 
(Fig. 5). These findings indicate strong choleretic prop- 
erties of MPA at therapeutic concentrations. 
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Fig. 4. The effect of MPA on bile flow in continuously perfused 
rat livers. Infusion of MPA (100 pg/ml) resulted in a 2.5-fold 
increase in bile flow. Upon termination of MPA infusion bile flow 
declined to baseline within 15-20 min. Results are expressed as 
mean k SEM. Filled circles controls (n = 7); filled squares 100 pg/ 
ml MPA (n = 5). *P < 0.05 compared with untreated livers 
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Fig. 5. Relation between extra bile flow and MPA infusion rates 
in continuously perfused rat livers. Twenty minutes after starting 
perfusion, MPA was infused for 20 min. Final concentrations of 
MPA in the influent perfusate were 5 pg/ml, 10 pg/ml, 40 pg/ml, 
and 100 pg/nil, which corresponded to infusion rates of 16.9 ng/min 
x g liver, 31.9 ng/min x g liver, 139.3 ng/min x g liver, and 396.2 ng/ 
rnin x g liver, respectively. Extra bile flow was calculated from the 
difference between maximal bile flow and baseline values (mean k 
SEM). MPA 5 pg/ml, n = 3; 10 pg MPA/ml, n = 5 ;  40 pg MPA/ml, 
n=6;  100 pg MPA/ml, n = 5  

Discussion 

Experience with MMF after liver transplantation is 
still limited, but MMF appears to be a safe and useful 
adjuvant immunosuppressive agent for rescue and 
maintenance therapy. However, no information is 
available about influence on ischemia-reperfusion 
damage, which can be affected by the established 
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immunosuppressive calcineurin inhibitors CyA and 
FK 506, and the purine antimetabolite azathioprine 
[19, 21, 22, 23, 31, 331. 

To investigate a possible influence of MPA on isch- 
emia-reperfusion damage of the liver, we chose the 
model of the isolated perfused rat liver with a 24-h pe- 
riod of cold ischemia (4°C) which has been extensively 
characterized by recent studies [6, 181. Upon reperfu- 
sion, portal pressure increased markedly, reflecting a 
disturbed hepatic microcirculation. Furthermore, rep- 
erfusion resulted in a sustained increase in LDH efflux 
up to about 1 00-fold, indicating considerable cell dam- 
age. As shown recently, postischemic LDH efflux fol- 
lowing hypothermic preservation is strongly associated 
with hepatocyte injury rather than SEC damage [6]. 
Accordingly, bile flow remained markedly reduced, in- 
dicating an impaired hepatocyte function. Thus, a model 
of considerable ischemia-reperfusion injury to hepato- 
cytes was applied. Using this approach, the results of our 
investigation show that the administration of 100 pg 
MPA/m1 during the preischemic or postischemic perfu- 
sion period did not significantly influence the time 
course of portal pressure or of postischemic LDH re- 
lease. In addition, postischemic bile flow was not influ- 
enced by administration of MPA during the reperfusion 
period. Therefore, MPA given during the reperfusion 
period has no significant effect on hepatocyte injury and 
dysfunction caused by hypothermic preservation in UW 
solution. However, these findings do not rule out pos- 
sible influences on SEC injury, which has not been in- 
vestigated in the present study. 

CyA and FK 506 showed protective effects against 
the hepatic injury associated with warm ischemia and 
reperfusion when given prior to ischemia [12, 13, 151. In 
most studies, the immunosuppressive compound was 
given 24 h or more before the operation and induction 
of ischemia. In contrast, postischemic treatment 
(immediately upon reperfusion) of the organ seems 
unsuccessful [12]. Based on these studies, it seems likely 
that there is an association of the interval between 
application and induction of the experimental hepatic 
ischemia and the salutary effects on ischemia-reperfu- 
sion injury of the liver. Therefore, we may have missed 
these effects by applying MPA 20 min prior to ischemia 
only. However, long-term pretreatment of donors with 
immunosuppressants seems unfeasible in the clinical 
setting, due to potential side effects, and practical and 
ethical concerns. 

Nevertheless, MPA pretreatment resulted in a 
significant improvement of bile flow during reperfusion. 
Since there were no significant influences on cell 
damage, we assume that this reflects to some extent a 
MPA-induced stimulation of bile flow, which could 
mimic improved liver function. This view is supported 
by the strong choleretic effect of MPA in continuously 

perfused rat livers. When MPA was administered at 
concentrations detected in human plasma, we observed 
a dose-dependent increase in bile flow. Maximal stim- 
ulation of bile flow was reached at a concentration of 40 
pg/ml. Because we used a bile acid-free perfusion buffer, 
the bile flow determined mainly represents the bile acid- 
independent bile formation, which accounts for about 
half of the total canalicular bile flow in the rat [26]. 
MPA is glucuronidated by UDP glucuronyltransferases 
to a stable phenolic glucuronide (MPAG), which has 
been detected in bile [16]. Therefore, it is possible that 
MPAG release into bile and subsequent increase in 
water flow by osmotic effects contribute to MPA-in- 
duced choleresis. Thus, improvement of postischemic 
bile flow by MPA pretreatment could be caused by the 
washout of accumulated MPAG into bile during 
reperfusion. In contrast, MPA infusion upon starting 
reperfusion did not increase postischemic bile flow. This 
could be due to a deterioration of sinusoidal uptake or 
glucuronidation of MPA in cold-preserved livers during 
the early reperfusion period. On the other hand, isch- 
emia-reperfusion injury of the liver impairs preferen- 
tially bile acid-independent bile flow, which is 
determined by the biliary transport of reduced gluta- 
thione [4]. Therefore, it might be possible that MPA 
pretreatment preserves biliary glutathione transport, 
which requires further investigation. In contrast to 
MPA, recent animal studies confirmed significant 
cholestatic effects by CyA [lo]. In a clinical study 
tacrolimus-based immunosuppression resulted in sig- 
nificantly higher bile flow rates than therapy with CyA 
[ 141. These findings suggest possible choleretic effects 
or the lack of cholestatic effects in tacrolimus-treated 
patients. However, infusion of tacrolimus to isolated 
perfused rat livers at concentrations detected in human 
plasma did not reveal any influences on bile flow, which 
clearly argues against relevant choleretic properties 
of this compound [5]. Thus, in contrast to CyA and 
tacrolimus, MPA should be considered a choleretic 
immunosuppressant which may potentially influence 
the clearance of endogenous compounds and drugs 
eliminated in the bile. 

In conclusion, neither preischemic nor postischemic 
administration of MPA influences ischemia reperfusion 
injury to hepatocytes after hypothermic liver preserva- 
tion in UW solution. In contrast to other immunosup- 
pressive agents, MPA exhibits strong choleretic effects 
which are related to a stimulation of bile salt-indepen- 
dent bile formation. 
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