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Purpose. Activation of hepatic Kupffer cells (KCs) during organ pres-
ervation and subsequent reperfusion causes release of proinflamma-
tory mediators and is responsible, at least in part, for rejection of
transplanted livers. Our hypothesis was that donor pretreatment, be-
fore liver harvest, with methylprednisolone (MP) or its dextran pro-
drug (DMP) would reduce KC activation.
Methods. Adult donor rats were administered a single 5-mg/kg (MP
equivalent) IV dose of MP or DMP or saline 2 h before liver harvest.
The livers were then stored in University of Wisconsin solution for 24,
48, or 96 h (n � 4/treatment/time). A recirculating perfusion model
was used to study, for 180 min, the release of KC activation markers,
tumor necrosis factor (TNF)-� and acid phosphatase, and other bio-
chemical indices from the cold-preserved livers.
Results. Cold ischemia–reperfusion resulted in release of substantial
levels of TNF-� in untreated groups. Pretreatment of rats with MP or
DMP caused a significant (p < 0.0001) reduction in TNF-� AUC in
the perfusate, with no significant differences between MP and DMP.
The maximum inhibitory effect of MP (77.5 ± 10.2%) was observed
after 48 h of preservation, whereas DMP showed maximal inhibition
of TNF-� AUC at both 24 (74.5 ± 15.8%) and 48 (74.8 ± 12.6%) h of
preservation. Similarly, both MP and DMP resulted in a significant
(p < 0.0004) decrease in acid phosphatase levels of cold-preserved
livers. However, neither pretreatment had any substantial effect on
the levels of other biochemical markers.
Conclusions. Both MP and DMP pretreatments decreased the re-
lease of TNF-� and acid phosphatase from livers subjected to cold
ischemia preservation. Therefore, pretreatment of liver donors with
MP or its prodrug decreases KC activation by cold ischemia–
reperfusion.

KEY WORDS: methylprednisolone; dextran prodrugs; liver preser-
vation; ischemia–reperfusion injury; Kupffer cells.

INTRODUCTION

Recent advances in treatment strategies and develop-
ment of newer drugs have resulted in a dramatic improve-
ment in the outcome of liver transplantation (1). However,
rejection of the grafted liver as a result of primary graft non-
function poses a major challenge to successful transplantation
(1,2). Injury associated with graft harvest, cold preservation
ischemia, and subsequent reperfusion is believed to be the
main reason for primary graft nonfunction after transplanta-
tion (1). Therefore, prevention and/or attenuation of ische-

mia–reperfusion injury may lead to a decreased incidence of
graft rejection.

After procurement of the liver from a donor, the organ is
normally preserved in cold (4°C) for several hours before it is
transplanted into a suitable recipient. This cold ischemia and
subsequent reperfusion of the liver result in an injury in which
activated Kupffer cells (KCs) play a major role. The activa-
tion of KCs occurs partly in the cold preservation stage and
increases substantially during ensuing reperfusion (3).
Kupffer cells may also be activated by simple liver manipu-
lation during the organ harvest (4). The activated KCs release
a variety of inflammatory mediators such as cytokines [e.g.,
tumor necrosis factor (TNF)-� and interleukin (IL)-1�], re-
active oxygen intermediates (e.g., superoxide and nitric ox-
ide), and eicosanoids (e.g., prostaglandins and leukotrienes)
(1,3). Therefore, a reduction in KC activation could poten-
tially improve the chances of graft survival (4,5).

Several approaches are currently under investigation to
reduce the injury to the liver during cold preservation and
following restoration of the blood flow. One such approach is
based on the pretreatment of donors, before the liver is har-
vested, with drugs that reduce the activation of KCs (4–6).
Glucocorticoids, such as methylprednisolone (MP) (7) and
prednisolone (8), have been shown to protect the liver from
warm ischemia–reperfusion injury resulting from the tempo-
rary occlusion of the liver blood supply. However, the effects
of these drugs on the cold ischemia–reperfusion damage
caused by liver preservation have not been elucidated. Re-
cently (9), we have shown that after in vivo administration, a
prodrug of MP, dextran methylprednisolone succinate
(DMP), preferentially and persistently accumulates in the
liver as opposed to indiscriminate distribution of free MP to
several tissues. Therefore, in the current study, we used an
isolated perfused rat liver model (IPRL) to investigate the
effects of both the parent drug (MP) and its prodrug (DMP)
on the ischemia–reperfusion-induced KC activation and re-
lease of proinflammatory mediators. Many investigators (10–
15) have used IPRL as an alternate ex vivo model in place of
animal transplant experiments. Our hypothesis was that the
pretreatment of animals with MP or its prodrug would stabi-
lize KCs and reduce the release of proinflammatory media-
tors, such as TNF-�, in rat livers subjected to cold preserva-
tion and subsequent reperfusion.

MATERIALS AND METHODS

Chemicals

Dextran with an average MW of 73 kDa and polydisper-
sity of <2, 6�-methylprednisolone (MP), sodium taurocholate,
and kits for measurement of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), and acid phosphatase (ACP) were obtained from
Sigma Chemical Co. (St. Louis, MO). 6�-Methylprednisolone
21-hemisuccinate (MPS) was purchased from Steraloids
(Wilton, NH). Belzer’s University of Wisconsin (UW) solu-
tion (Viaspan™) was obtained from Dupont Pharma (Wil-
mington, DE). Sterile nonpyrogenic lactated Ringer’s irriga-
tion solution was obtained from Baxter Healthcare Co.
(Deerfield, IL). An ultrasensitive enzyme-linked immunosor-
bent assay (ELISA) kit for measurement of TNF-� was pur-
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chased from Biosource International, Inc. (Camarillo, CA).
Xylazine and ketamine sterile solutions for anesthesia were
from Lloyd Laboratories (Shenandoah, IA) and Fort Dodge
Animal Health (Fort Dodge, IA), respectively. For chroma-
tography, HPLC grade acetonitrile was obtained from EM
Science (Gibbstown, NJ). All other reagents were analytic
grade and obtained through commercial sources.

Dextran-methylprednisolone succinate (DMP) was syn-
thesized, purified, and characterized as described before (16).
The MP and MPS impurities in the conjugate powder were
less than 0.1% (w/w), and the degree of substitution of the
powder was 8 mg of MP per 100 mg of powder.

The dosing solutions (5 mg/ml, MP equivalent) of MP
and DMP were prepared in a mixture of water:ethanol:
PEG400 (17) and distilled water, respectively.

Animals and Treatments

All procedures involving animals used in this study were
consistent with the guidelines set by the National Institute of
Health (NIH publication #85-23, revised 1985) and approved
by our Institutional Animal Care and Use Committee. Adult,
male Sprague–Dawley rats were purchased from a commer-
cial source and housed in a light- and humidity-controlled
animal facility at least 2 days before experiments. The animals
had free access to food and water.

A total of 40 rats (weight range 227–280 g) were divided
into 10 groups, each consisting of four animals. Three groups
were used for testing the effects of MP pretreatment on livers
following 24 (MP-24), 48 (MP-48), and 96 (MP-96) hours of
cold preservation. Similarly, three groups (DMP-24, DMP-48,
and DMP-96) were used for testing the effect of DMP pre-
treatment following identical durations of cold preservation.
Corresponding untreated control groups (Control-24, Con-
trol-48, and Control-96, respectively) were run as a reference
at each time point. Finally, to determine baseline levels of
markers measured, a control group with no cold preservation
(Control-0) was included in the study.

The number of animals for each individual group was
selected a priori, based on power analysis for a 3 × 3 factorial
ANOVA design (three drug treatments × three ischemia
times) using a Java applet (18). Because the main objective of
the study was to investigate the KC activation, the calcula-
tions were based on the variability of KC markers (TNF-�
and acid phosphatase levels). Literature data on the serial
measurements of these two factors under conditions similar to
our study were lacking. Therefore, based on the data reported
for single-point estimates of the markers in the perfusate of
isolated livers subjected to cold ischemia (19), a variability of
∼40% was used. Additionally, a type I error of 0.05 (two-
tailed) and a power of 80% for detection of a 30% difference
between the treatment groups were assumed. This calculation
resulted in an estimated sample size of 4 rats for each of the
nine individual groups or cells.

The MP and DMP groups received single 5-mg/kg doses
(MP equivalent) of MP or DMP, respectively, via their tail
veins 2 h before liver isolation. The control groups received
similar volumes of sterile saline solution instead. The selec-
tion of the dose was based on our previous study (9) on the
hepatic concentrations of preformed and regenerated MP af-
ter a 5-mg/kg dose and pharmacodynamic studies (20) show-
ing near complete occupancy of the glucocorticoid receptors
in the liver of rats treated with a dose of 2 mg/kg of MP.

Liver Harvest, Preservation, and Reperfusion

Two hours following drug or saline administration, rats
were anesthetized with an intramuscular injection of keta-
mine:xylazine mixture (80:12 mg/kg). The techniques used for
isolation and cannulation of livers have been a minor modi-
fication of methods reported by us before (21,22). Briefly, the
bile duct, hepatic portal vein (inlet), and the suprahepatic
vena cava (outlet) were cannulated while the liver was per-
fused with cold (4°C) UW solution. The perfusion was con-
tinued for 15 min at a flow rate of 5 ml/min, following which
the liver was gently excised and cleaned in an ice-cold saline
solution to remove the blood and other tissue debris on the
surface. To simulate cold preservation, the inlet and outlet
catheters were closed with a clip, and the harvested liver was
stored in 50 ml of UW solution at 4°C.

Following 24, 48, or 96 h of cold preservation, the livers
were washed with 20 ml of lactated Ringer’s solution to re-
move the UW solution. Then, the livers were mounted onto a
water-jacketed, all-glass perfusion system (Radnoti Glass
Technology Inc., Monrovia, CA) kept at 37°C. The perfusion
was performed in a recirculating manner with 150 ml of per-
fusate for 3 h. The perfusate was Krebs–Henseleit bicarbon-
ate buffer (pH 7.4) fortified with 1.2 g/L glucose and 75 mg/ml
of sodium taurocholate, which was oxygenated with a 95:5
oxygen:carbon dioxide mixture. The perfusate flow rate was
maintained at 30 ml/min (3–4 ml/min/g of liver weight). Fol-
lowing commencement of reperfusion, the livers were al-
lowed to stabilize for ∼10 min before start of the experiment.

Sample Collection

At the end of cold preservation period, the initial 1-ml
samples of the effluent produced during the wash with lac-
tated Ringer’s solution were collected for analysis of TNF-�.
Thereafter, samples (1.5 ml) of the perfusate were collected at
0 (before start), 15, 30, 45, 60, 80, 100, 120, 150, and 180 min
following the start of the recirculating perfusion. An aliquot
(1 ml) of each sample was stored at –80°C for measurement of
TNF-�, AST, and ACP, and the remaining volume (0.5 ml)
was kept at 4°C for measurement of ALT and LDH within a
week. Inlet pressure was monitored continuously with a pres-
sure transducer and was recorded at each sampling point. Bile
was collected in preweighed microcentrifuge tubes at 30-min
intervals. Following reperfusion for 3 h, the liver was blotted
dry, weighed, and stored at –80°C for measurement of DMP
and/or free MP concentration. Bile samples were also stored
at −80°C.

Sample Analysis

The concentrations of TNF-� in the perfusate samples
were quantified using a commercial ultrasensitive ELISA kit.
The TNF-� assay uses a 100-�l sample and has a minimum
detectable limit of 0.7 pg/ml with an intra- and interassay
precision coefficient of variation (CV) of <7%. The ALT,
AST, ACP, and LDH levels in the perfusate were all quan-
tified using commercially available kits based on the instruc-
tions of the manufacturers.

The livers were homogenized with 3 volumes of 2% (v/v)
acetic acid, and the homogenate was used for the HPLC
analysis of DMP and/or free MP. The concentrations of free
MP were determined using a reversed-phase HPLC method
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(23) modified for measurement of MP in tissue homogenates
(9). The assay had a limit of quantitation of 0.1 �g/ml of
homogenate based on a 0.5-ml homogenate sample. The mea-
surement of DMP in the liver homogenate was done by a
minor modification (22) of a size-exclusion assay described
before (9). The lower limit of quantification of this assay was
1 �g/ml of homogenate based on a 100-�l homogenate
sample.

Data Analysis

The perfusate concentrations of TNF-� and other indices
of graft injury (namely ACP, ALT, and AST) were plotted
against the time of perfusion. A similar plot was also con-
structed for the inlet pressure readings. The areas under the
curves (AUCs) for these plots were then calculated by linear
trapezoidal rule. The percentage inhibition of marker levels
as a result of MP or DMP pretreatment was estimated for
each preservation time according to the following equation:

%Inhibition =
AUCControl − AUCMP�DMP

AUCControl
× 100

where AUCControl and AUCMP/DMP refer to the AUC of the
marker in livers harvested from untreated animals and ani-
mals treated with MP or DMP, respectively. The average por-
tal resistance during the 0- to 180-min perfusion period (PR)
was estimated from the following equation:

PR (mmHg � min � g�ml) =
Average Portal Pressure (mmHg)

Perfusate Flow Rate (ml�min�g liver)

where the average portal pressure during the perfusion period
(0–180 min) was first estimated by dividing the pressure AUC
by the perfusion time (180 min).

The effects of preservation time (24, 48, or 96 h) and drug
pretreatment (Control, MP, or DMP) on the estimated pa-
rameters were examined statistically using a two-way
ANOVA. For the bile flow rates, because of the presence of
three factors (drug treatment, time of cold ischemia, and col-
lection intervals), the effect of treatment and collection inter-
vals was determined at each time of preservation using a two-
way ANOVA. The effect of duration of preservation on the
hepatic concentrations of DMP and regenerated MP in DMP
groups was determined using a one-way ANOVA. In all sig-
nificant cases, post-hoc analysis using Scheffe’s F test was
used to test the pairwise comparison of means. All tests were
performed at a significance level (�) of 0.05. Data are pre-
sented as mean ± SD.

RESULTS

The concentrations of TNF-� in the effluent samples ob-
tained during the initial flush of livers with lactated Ringer’s
solution, which are related to cold ischemia damage, are
shown in Fig. 1. The TNF-� concentrations in the flush solu-
tion of unpreserved control livers (Control-0) were close to
zero. However, measurable concentrations of TNF-� were
found in all the preserved livers (Fig. 1). Generally, an in-
crease in the preservation time resulted in a significant (p <
0.0001, two-way ANOVA) increase in the TNF-� concentra-
tions in the flush solution (Fig. 1). Pairwise comparison of the
preservation time groups, however, showed that although the
large differences between the 96-h group and both of the

other two time groups were significant (p < 0.001), the rela-
tively smaller differences between the 24- and 48-h preserved
livers did not reach statistical significance (Fig. 1). Addition-
ally, DMP treatment showed a trend toward a reduction in
TNF-� concentrations at all the time points, whereas MP pre-
treatment showed a similar trend only at 24 and 48 h of pres-
ervation (Fig. 1). Nevertheless, because of substantial vari-
ability in the data, in particular for the 96-h preserved group,
the differences among the three treatment groups did not
reach statistical difference (p � 0.1647; two-way ANOVA).

The plots of perfusate concentrations of TNF-� against
the perfusion time are shown in Fig. 2. The release of TNF-�
during the perfusion is related to the reperfusion damage.
The TNF-� perfusate concentrations of unpreserved livers
(Control-0) were relatively low (<30 pg/ml) during the entire
perfusion period (Fig. 2). After 24 h of preservation of un-
treated livers (Control-24), reperfusion resulted in a delay of
∼30 min before the perfusate concentrations of TNF-� started
to rise, reaching a plateau of ∼130 pg/ml at 100 to 180 min
(Fig. 2, top). A similar profile was seen for the control livers
preserved for 48 h (Fig. 2, middle), albeit both the time when
the concentration of TNF-� started to rise (45 min) and the
time to reach plateau (120 min) were delayed relative to un-
treated livers preserved for 24 h (Fig. 2, top). However, for
control livers subjected to 96 h of cold preservation (Fig. 2,
bottom), the time course of TNF-� in the perfusate had a
different shape: there was no delay in the appearance of mea-
surable perfusate concentrations of TNF-� after the reperfu-
sion started (Fig. 2, bottom). Additionally, the TNF-� con-
centrations increased almost linearly without an apparent pla-
teau during the entire period of perfusion (Fig. 2, bottom). In
all three preservation time points, pretreatment of animals
with MP or DMP appeared to reduce the concentrations of
TNF-� in the perfusate, although the degree of reduction was
different for MP and DMP and was dependent on the pres-
ervation time (Fig. 2).

The AUCs of the plots of TNF-� perfusate concentration
vs. perfusion time are presented in Fig. 3. The baseline TNF-�

Fig. 1. The concentrations of TNF-� in the effluent samples obtained
during the initial flush of cold-preserved livers with lactated Ringer’s
solution following 24, 48, or 96 h of cold preservation. The rats were
pretreated intravenously, 2 h before liver harvest, with a single 5
mg/kg dose (MP equivalent) of MP or DMP or with saline (Control)
(n � 4/group). The dashed line indicates the baseline value in un-
preserved livers (Control-0). Columns and bars represent mean and
SD values, respectively. Statistical comparisons are based on two-way
ANOVA with subsequent Scheffe’s F test.
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AUC value (2,970 ± 1,050 pg·min/ml) in unpreserved control
livers (Control-0) was substantially (four- to sixfold) lower
than those for the control livers subjected to preservation
(Fig. 3), indicating that the high concentrations of TNF-� in
the perfusate of preserved livers resulted from cold preserva-
tion followed by reperfusion. Overall, the preservation time
(24, 48, or 96 h) did not significantly affect the TNF-� AUC
values (p > 0.90; two-way ANOVA). However, pretreatment
of rats with either MP or DMP significantly (p < 0.0001, two-
way ANOVA) reduced the TNF-� AUC compared with their
respective control groups (Fig. 3). Although DMP appeared
to have a higher degree of inhibitory effect than MP at 24 and
96 h (Fig. 3), the differences between the two groups were not
significant (p > 0.05). After 24 h of preservation, MP and
DMP pretreatment, respectively, resulted in 33.9 ± 7.7% and
74.5 ± 15.8% decreases in the TNF-� AUC. The inhibitory
percentages for MP and DMP, respectively, were 77.5 ±
10.2% and 74.8 ± 12.6% for the 48-h group and 28.9 ± 35.8%
and 44.3 ± 17.3% for the 96-h group.

The AUC values of acid phosphatase, which is another
KC marker (13), during the perfusion time (0–180 min) are
shown in Fig. 4. Also depicted in the figure is the AUC for the
unpreserved control livers (Control-0), which was 246 ± 88
IU·min/ml. Generally, an increase in the preservation time
resulted in a significant (p < 0.001) increase in the AUC of
this enzyme. However, only the enzyme AUCs in the 96-h
group were markedly higher than those for the other two
groups (Fig. 4). Additionally, pretreatment of the animals had
a significant (p < 0.0004) effect on the AUC of the enzyme.
The highest degree of reduction in the acid phosphatase AUC
was observed at 96 h (65.1 ± 12.2%) for MP and at 24 h (44.4Fig. 2. The concentration–time courses of TNF-� in the outlet per-

fusate of livers following 24 (top), 48 (middle), or 96 (bottom) h of
cold preservation. The rats were pretreated intravenously, 2 h before
liver harvest, with a single 5 mg/kg dose (MP equivalent) of MP or
DMP or with saline (Control) (n � 4/group). The dashed lines indi-
cate the baseline values in unpreserved livers (Control-0). Symbols
and bars represent mean and SD values, respectively.

Fig. 3. Perfusate AUC of TNF-� vs. duration of cold preservation for
control, MP, and DMP groups following 24, 48, or 96 h of cold-
preservation. The rats were pretreated intravenously, 2 h before liver
harvest, with a single 5 mg/kg dose (MP equivalent) of MP or DMP
or with saline (Control) (n � 4/group). The dashed line indicates the
baseline value in unpreserved livers (Control-0). Columns and bars
represent mean and SD values, respectively. Statistical comparisons
are based on two-way ANOVA with subsequent Scheffe’s F test.

Fig. 4. Perfusate AUC of acid phosphatase vs. duration of cold pres-
ervation for control, MP, and DMP groups following 24, 48, or 96 h
of cold preservation. The rats were pretreated intravenously, 2 h
before liver harvest, with a single 5-mg/kg dose (MP equivalent) of
MP or DMP or with saline (Control) (n � 4/group). The dashed line
indicates the baseline value in unpreserved livers (Control-0). For
clarity, the data for the 24- and 48-h groups are also presented in the
inset. Columns and bars represent mean and SD values, respectively.
Statistical comparisons are based on two-way ANOVA with subse-
quent Scheffe’s F test.
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± 17.5%) for DMP pretreated groups (Fig. 4). Whereas sig-
nificant differences were found between the MP or DMP pre-
treatment groups and the control group, there were no sig-
nificant differences between the MP and DMP groups with
regard to the inhibition of acid phosphatase AUC.

The perfusate AUC values of AST and ALT, along with
the LDH concentrations at the end of perfusion and average
portal resistance values for different groups of livers, are pre-
sented in Table I. For comparison, the baseline values in the
unpreserved livers are also presented in the table. An in-
crease in the preservation time was associated with a signifi-
cant (p < 0.0001) increase in the AUC of both ALT and AST
and the perfusate concentrations of LDH, regardless of drug
treatment group (Table I). Pretreatment with MP or DMP did
not have any significant effects on the perfusate levels of
these enzymes (Table I). As for portal resistance, the pre-
sented data are average values between zero and 180 min of
perfusion. In all cases, the portal resistance decreased with an
increase in the perfusion time (data not shown). However, no
significant differences were observed among the preservation
times or the treatment groups with regard to this parameter
(Table I).

The plots of bile flow rates against the collection inter-
vals are demonstrated in Fig. 5 for livers subjected to 24 (top),
48 (middle), or 96 (bottom) h of cold preservation. Similar
plots for the unpreserved livers are also depicted for compari-
son purposes. Interestingly, the bile flow rates in the control
groups were significantly higher than those for the MP or
DMP groups subjected to 24 or 48 h of cold preservation (Fig.
5). The lowest bile flow rate was noticed for the DMP group.
However, after 96 h of cold preservation, the trend was par-
tially reversed, with the bile flow rates being the lowest for the
control group and the highest for the MP-treated group (Fig.
5, bottom). Nevertheless, bile flow rates after 96 h of cold
preservation were very low (Fig. 5, bottom).

The hepatic concentrations of DMP and regenerated
parent drug following cold preservation and subsequent per-
fusion are presented in Table II for the DMP group. Al-
though the livers were harvested 2 h following the adminis-
tration of DMP in all the cases, there were significant (p <
0.02) differences in the concentrations of DMP among the
livers subjected to different lengths of preservation. Gener-
ally, the concentrations of DMP decreased with an increase in
the preservation time. However, pairwise comparison of the
means showed a significant difference only between the 24-
and 96-h preserved groups (Table II). Although the regener-
ated MP was detectable in the liver of DMP-injected rats, its
concentration was not significantly different among the three
preservation time groups (Table II). Following injections of
equivalent doses of the parent drug, the concentrations of MP
in the liver were below the limit of quantification of the assay
(<0.1 �g/ml) for all the MP-treated groups.

DISCUSSION

Donor pretreatment is a relatively new approach among
efforts to reduce preservation injury to the liver. Based on this
approach, liver donors are pretreated with a variety of agents
that are capable of protecting the liver during the harvest and
subsequent cold ischemia–reperfusion damage (4,11,15,24).
Glucocorticoids such as MP have long been used as immuno-
suppressants administered to the recipients after the liver

transplantation for prevention of graft rejection and/or in the
treatment of acute rejection (25,26). We hypothesized that
MP or its prodrug administered to donors before liver harvest
may reduce the KC-mediated preservation damage. Indeed,
our results (Figs. 1–3) with regard to TNF-�, a cytokine
mainly released from the activated KCs of the liver, are in
agreement with this hypothesis. Both MP and DMP appeared
to reduce the TNF-� levels in both the initial wash (Fig. 1)
and after reperfusion (Figs. 2 and 3), although only the TNF-�
levels after reperfusion reached statistical significance. Addi-
tionally, the inhibitory effect of MP or DMP on the levels of
ACP, a marker for KC activation (13), further supports our
hypothesis (Fig. 4).

Relative to the substantial effects of MP or DMP pre-
treatment on the TNF-� levels after liver perfusion (Figs. 2
and 3), the pretreatment effects on the release of the cytokine
in the initial flush (Fig. 1) were minor, if any. This is not
surprising because cold ischemia per se has minimal effects on
the activation of KCs. In contrast, reperfusion, preceded by
cold ischemia, causes pronounced activation of these cells
(3,11,14). Consequently, agents that attenuate KC activation,
such as MP, are expected to exhibit their main effects during
the reperfusion phase (Figs. 2 and 3). Consistent with our
results in cold ischemia–reperfusion, MP pretreatment in a
warm ischemia model improved hepatic protein synthesis
only during the reperfusion period and not in the ischemic
phase (7). Nevertheless, the source of TNF-� in the flush
solution (Fig. 1) may be shedding from its transmembrane
form (27) rather than KC activation.

Despite the positive effects of MP or DMP pretreatment
on KC activity markers (Figs. 1–4), the enzyme levels attrib-
uted to parenchymal cell viability were not significantly al-
tered by the pretreatments (Table I), suggesting that these
pretreatments do not improve the viability of parenchymal
cells. However, it is generally believed that the ischemia–
reperfusion injury resulting in graft dysfunction after trans-
plantation is mostly, if not totally, caused by the damage to
the nonparenchymal cells (14,28). For example, using an ex-
perimental liver transplantation model, Marzi et al. (28) dem-
onstrated that cold ischemia–reperfusion damage to the non-
parenchymal liver cells, and not to the hepatocytes, was pre-
dictive of liver transplantation outcome. These authors
further showed that nonparenchymal cells lose their viability
early following ischemia–reperfusion, as opposed to relatively
late damage to the parenchymal cells. Therefore, they sug-
gested that for successful liver transplantation, preservation
of nonparenchymal cells, such as endothelial cells and KCs, is
critical (28).

In addition to KCs, endothelial cells play a major role in
the cold ischemia–reperfusion damage to the transplanted liv-
ers (1,3). It has been reported that the cold ischemia causes
detachment of these cells, which correlates with the length of
cold preservation. Subsequent reperfusion of the stored livers
causes endothelial cell death by apoptosis and necrosis (11).
Deaciuc et al. (12) showed that there is intercellular commu-
nication among the liver cells, where activated KCs could
reduce the viability and function of endothelial cells. Addi-
tionally, agents that inhibited the KC activation were shown
to reduce the endothelial cell damage via KCs (12). In our
studies reported here, the beneficial effects of donor pretreat-
ment with MP or DMP on the ischemia–reperfusion activa-
tion of KCs are clearly shown. However, the possible effects
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of these pretreatments on endothelial cells cannot be eluci-
dated from these data. Further studies, using markers specific
for the viability of endothelial cells, such as hyaluronic acid
uptake by the livers (12), are planned to specifically test the
effects of MP or DMP pretreatment on the viability of these
cells.

In contrast to the positive effects of MP or DMP pre-
treatment on KC activation, the pretreatments showed nega-
tive effects on bile flow rates of livers preserved for 24 or 48
h (Fig. 5, top and middle); only livers preserved for 96 h
showed improved bile flow rates as a result of pretreatments
(Fig. 5, bottom). At first glance, these results are unexpected
because a previous report (29) using continuous cold perfu-T
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Fig. 5. Bile flow rates at different collection intervals in livers pre-
served for 24 (top), 48 (middle), or 96 (bottom) h. Rats were pre-
treated, 2 h before liver harvest, with a 5 mg/kg dose (MP equivalent)
of MP or DMP or with saline (Control) (n � 4/group). The dashed
lines indicate the baseline values in unpreserved livers (Control-0).
Columns and bars represent mean and SD values, respectively. Sta-
tistical comparisons are based on two-way ANOVA with subsequent
Scheffe’s F test: *significant differences among all three treatment
groups for the 24- and 48-h preservation times; **significant differ-
ences between the treated (MP or DMP) and untreated (Control)
groups for the 96-h preservation time.
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sion for preservation of rabbit livers showed an improvement
in the bile flow rate of livers that were harvested from animals
pretreated with a single 20 mg/kg dose of MP. However, the
improvement was observed after 72 h of preservation, which
is in agreement with our data for rat livers preserved for 96 h
(Fig. 5, bottom). Additionally, our own recent studies using
IPRLs (21,22) may shed some light on the apparent discrep-
ancy between the shorter (24 and 48 h) and longer (96 h)
preservation times in terms of pretreatment effect. One of
these studies (22) showed that in the presence of taurocholic
acid in the perfusate, pretreatment of rats with MP at 2 h
before the liver harvest resulted in a significant decline in the
bile flow rates of unpreserved livers at all the collection in-
tervals. However, MP pretreatment at �5 h before liver har-
vest did not affect the bile flow rate of the livers. This was
attributed to the relatively higher hepatic concentrations of
MP at the earlier time point (2 h) (22). On the other hand, our
other study (21) showed that in the absence of taurocholic
acid, MP pretreatment even at 1 h before liver harvest did not
reduce the bile flow, suggesting that the effects of MP are
bile-acid dependent. Because bile flow in rats consists of two
components, bile-acid-dependent and -independent (30), the
above data suggest that MP reversibly inhibits the bile-acid-
dependent component of bile flow. Indeed, other studies have
shown that corticosteroids are substrates for both the organic
anion transporter (OAT) (31) and one of the two hepatic
subtypes of the organic cation transporter, namely OCT-2
(32), both of which are also responsible for the uptake of bile
acids across the sinusoidal membrane. Because our current
perfusate contained taurocholic acid, MP or DMP might have
reduced the uptake of this bile acid into the hepatocytes, thus
reducing the bile-acid-dependent bile flow in the 24- and 48-h
preserved livers. This postulate, however, cannot explain the
opposite effects observed for the 96-h preserved livers, al-
though it is possible that the low flow rates observed after 96
h are almost entirely bile-acid-independent, and, therefore,
not inhibited by MP or its prodrug. The above hypothesis may
also explain the apparently higher inhibitory effects of DMP
on bile flow rates compared with those of MP (Fig. 5); the
hepatic concentrations of the active parent drug are much
higher after DMP administration than after MP injection (9).
Nevertheless, the effects of DMP or MP on the biliary flow
and excretion of xenobiotics need further evaluation.

Our recent studies (9) have shown that DMP, a macro-
molecular prodrug of MP, preferentially accumulates in the
liver and spleen, as opposed to indiscriminate distribution of
the parent drug in the body. Consequently, both the systemic

(33) and local (hepatic) (22) immunosuppressive effects of
DMP were shown to be substantially more intense and sus-
tained, compared with the effects of the parent drug. There-
fore, we expected similar trends in the effects of the prodrug
and the parent MP in our current hepatic ischemia–reper-
fusion model. However, our present data (Figs. 1–4 and Table
I) do not suggest a substantial difference between DMP and
MP using the in vitro model used here. This is despite sub-
stantially higher hepatic concentrations of MP after the ad-
ministration of the prodrug (Table II), as opposed to below
detection levels of MP after the parent drug injection. Nev-
ertheless, it should be noted that after the administration of
DMP, substantial levels of MP (up to 27 �g/g liver) are still
available in the liver in the form of the prodrug (Table II). In
a liver transplantation model, this preexisting high level of
DMP could slowly release MP after the liver is transplanted in
the recipient, contributing to the graft survival. Whether pre-
treatment of donors with DMP is superior to MP with regard
to the outcome of liver transplantations will be tested in fu-
ture studies in a liver transplantation model.

The introduction of UW preservation solution has al-
lowed a dramatic extension of the cold ischemic time for the
clinical liver transplantation; although most of the preserva-
tion times with this solution are limited to �18 h (34), ex-
tended times as long as 35 h have been reported (35). The
extension of cold ischemia time beyond the current time
frames would allow long distance graft transportation and
operation of liver transplantation as a semielective procedure.
However, an increase in the preservation time has been as-
sociated with an increase in the primary graft nonfunction and
retransplantation rate (35). Therefore, we used the extended
time frame of 24 to 96 h to magnify the injury to KCs in our
IPRL model, allowing for detection of the effects of our pre-
treatment protocols. Long preservation times of 24 to 96 h
have also been used by others (14,29,36) in investigations of
the effects of various treatments on the cold ischemia injury in
the isolated perfused liver model.

In conclusion, studies in an isolated rat liver model
showed that pretreatment of rats with methylprednisolone or
its dextran prodrug results in a significant inhibition of KC
activation induced by cold ischemia–reperfusion. Because KC
activation is one of the major factors affecting the survival
following liver transplantation, pretreatment of the donors
with MP or DMP before liver harvest may favorably influence
the outcome of liver transplantation. Further studies using
orthotopic liver transplant models are needed to confirm
these results.
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