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Introduction

Hepatic ischemia/reperfusion (I/R) injury is one of the

most common causes of early allograft dysfunction in

liver transplanted patients and represents an additional

risk factor for long-term survival after transplantation [1].

The destructive effects of I/R injury are the result of a

complex pathophysiological process with a number of

contributory factors. Previous investigations have shown

that overproduction of reactive oxygen species (ROS) and

hepatic microcirculation disturbances, which are charac-

terized by capillary perfusion failure and increased leuko-

cyte adherence, are important aspects of hepatic I/R

injury [2–4]. By targeting these aspects, the development

of pharmaceutical strategies to attenuate hepatic I/R

injury is important for achieving better clinical outcomes.

Previous evidence has indicated that immunosuppres-

sive drugs, which are inevitably used in transplantation,

have impacts on organ I/R injury [5–7]. Mycophenolate

mofetil (MMF), the morpholinoethyl ester of mycophen-

olic acid (MPA), is a powerful immunosuppressant that

is currently used for the prevention of acute organ graft

rejection [8]. In vivo, MMF is rapidly de-esterified to

MPA and further metabolized to the glucuronidated

metabolite MPA glucuronide. MPA depletes guanosine

triphosphate pools in lymphocytes and monocytes and
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Summary

Mycophenolate mofetil (MMF) has been gradually introduced into clinical liver

transplantation in recent years. However, the effects of MMF on hepatic ische-

mia/reperfusion (I/R) injury and the potential mechanisms involved are not

totally understood. We aimed to evaluate whether MMF could attenuate hepa-

tic I/R injury. MMF (20 mg/kg) or vehicle was administered to Wistar rats by

gavage. The rats were then subjected to hepatic ischemia. Liver cell apoptosis

and the levels of aspartate aminotransferase, myeloperoxidase (MPO), xanthine

oxidase (XOD) and malondialdehyde (MDA) were determined. Expression of

vascular cell adhesion molecule-1 (VCAM-1) and activation of mitogen-acti-

vated protein kinases (MAPKs) were also investigated. Furthermore, the hepatic

microcirculation was observed by intravital fluorescence microscopy. Rats pre-

treated with MMF exhibited significant alleviation of their postischemic liver

function. Liver cell apoptosis and the tissue MPO, XOD and MDA levels were

decreased by MMF pretreatment. MMF also improved I/R-induced hemody-

namic turbulence, as evidenced by reduced hepatic perfusion failure and

decreased numbers of rolling and adherent leukocytes. I/R injury induced acti-

vation of the MAPKs pathway while expression of VCAM-1 was downregulated

by MMF pretreatment. In summary, MMF attenuates hepatic I/R injury

through suppression of the production of reactive oxygen species and ameliora-

tion of postischemic microcirculatory disturbances.
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suppresses de novo synthesis of purines, thereby exerting

selective and reversible antiproliferative effects on these

cells [9]. Previous studies have demonstrated that purine

metabolites produced during ischemia can contribute to

the production of harmful free radicals via xanthine oxi-

dase (XOD), and that inhibition of XOD prevents postis-

chemic ROS generation and hepatic injury [10–12]. Data

obtained from a cardiomyocytes enriched model revealed

that MMF can reduce the postischemic increases in

xanthine and hypoxanthine, and subsequently alleviate

the generation of free radical species [13]. In addition,

guanosine depletion can inhibit the transfer of mannose

and fucose residues to glycoproteins, including cell adhe-

sion molecules. Earlier experimental studies on human

monocytes and renal ischemia in rats have suggested

MMF can inhibit the overexpression of ICAM-1 and

suppress leukocyte–endothelial cell interactions, which

play central roles in I/R injury [14–16].

In recent years, MMF has been gradually introduced

into clinical liver transplantation as an immunosuppres-

sive drug [17–19]. As transplanted livers are subject to

I/R injury, the potential effects of MMF on the process of

hepatic I/R injury are of considerable importance. How-

ever, the impact of MMF on hepatic I/R injury remains

unclear.

Materials and methods

Animal procedures

Male Wistar rats (n = 216; body weight, 230–250 g) were

purchased from Shanghai Animal Center (Chinese Acad-

emy of Science, Shanghai, China). The animals were

housed under standard animal care conditions and fed

with rat chow ad libitum. All animal experiments were

approved by the Animal Care Committee of Zhejiang

University in accordance with the Principles of Labora-

tory Animal Care (NIH publication 85-23, revised 1985).

The rats were assigned into four groups. Group 1

(IR+M) underwent the hepatic I/R procedure and

received 20 mg/kg of MMF (Cellcept�; Roche Pharma-

ceuticals, Basingstoke, UK) in the drug vehicle (0.5%

sodium carboxymethylcellulose). Group 2 (IR+V) under-

went the same procedure and received the vehicle alone.

Group 3 (M) underwent a sham operation and received

MMF on the same schedule. Group 4 (C) underwent a

sham operation and received the vehicle alone. All treat-

ments were administered daily by gavage from 5 days

prior to ischemia until the animals were killed.

All surgical procedures were performed under general

anesthesia using sodium pentobarbital (60 mg/kg i.p.).

After a midline laparotomy was performed, 70% hepatic

ischemia was induced by clamping the portal vein, hepa-

tic artery and bile duct supplying the median and left

lobes of the liver with a microvascular clip [20]. As the

blood supply to the omental and right lobes remained

uninterrupted, intestinal congestion was avoided during

clamping by the bypass portal flow through the nonis-

chemic lobes. The duration time of the partial hepatic

ischemia was chosen on the basis of a pilot experiment,

in which 60 min of ischemia caused pronounced liver

injury without any fatal accidents such as severe liver

failure or death of the animals. After 60 min of partial

hepatic ischemia, the clip was removed to initiate hepatic

reperfusion and the abdominal cavity was closed with a

4-0 silk suture. The animals were allowed to recover from

the anesthesia and given free access to food and water.

Sham-operated groups underwent the same procedures

without clamping the pedicle of the liver lobes.

The animals were then assigned to the four experimen-

tal groups, according to the phase of the study and the

treatment.

Phase one

This phase was undertaken in 192 rats assigned to the

four experimental groups. The animals were killed after

reperfusion at eight sampling time points (0.5, 1, 2, 4,

12 h, 1, 2 or 4 days) (n = 6 per time point). A blood

sample collected from the inferior vena cava of each rat

at kill was centrifuged, and the serum was stored at

)80 �C until analysis. Liver tissue samples (3-mm cubes)

were removed from each rat. Some of these samples were

snap-frozen in isopentane precooled with liquid nitrogen

at )155 �C and stored at )80 �C, while other samples

were fixed in 4% (v/v) paraformaldehyde and stored at

4 �C. Serum aspartate aminotransferase (AST), which is

regarded to show the best correlation with the degree of

hepatic I/R injury [21,22], was determined to identify the

moment at which the greatest liver damage occurred.

Phase two

The rate of apoptosis and levels of myeloperoxidase

(MPO), XOD and malondialdehyde (MDA), as well as

the gene and protein expression levels of vascular cell

adhesion molecule-1 (VCAM-1), were evaluated with the

samples obtained in phase one at the experimental

moment associated with the most dramatic morphologic

changes based on the phase one experiments, namely 4 h.

Phase three

A separate set of 24 rats was set aside for intravital fluo-

rescence microscopy analysis and divided into the four

experimental groups (n = 6 per group). After 60–120 min

of reperfusion, these rats were anesthetized again and

subjected to intravital fluorescence microscopy studies.

Subsequently, all these animals were killed without any

blood or tissue samples being taken.
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Biochemical determinations

AST assay

To assess liver damage, hepatic injury was evaluated by

determination of the AST levels using an Automated

Chemical Analyzer (7600; Hitachi, Tokyo, Japan).

Myeloperoxidase, XOD and MDA assays

For assessment of neutrophil sequestration and activation

in the ischemic liver, the MPO contents were measured.

Postischemic liver XOD activities in the liver tissues were

also evaluated. Lipid peroxidation, an indicator of

oxidative injury, was determined by measuring the forma-

tion of MDA. The liver tissue MPO, XOD and MDA

levels were assayed using commercial kits (NJJC Bio Inc.,

Nanjing, China), according to the manufacturer’s

instructions.

Terminal transferase-mediated dUTP nick end-labeling

staining

Paraffin-embedded sections were prepared and stained for

apoptotic cells by the terminal transferase-mediated dUTP

nick end-labeling (TUNEL) method using a commercially

available kit (Apop Tag Peroxidase In Situ Apoptosis

Detection Kit S7100; Chemicon International Inc., Billerica,

MA, USA). The TUNEL assay was performed according

to the manufacturer’s protocol. The results were presented

as the mean number of TUNEL-positive cells per high

power field [23].

Western blot analysis

The protein expression levels of VCAM-1 and mitogen-

activated protein kinases (MAPKs), namely extracellular

signal-regulated kinase 1/2 (ERK1/2), c-Jun NH2-terminal

kinase (JNK) and p38 MAPK, were evaluated by western

blotting. Protein samples (50 lg) were denatured in

reducing buffer and separated by SDS-PAGE using a 10%

polyacrylamide gel. The separated proteins were trans-

ferred to polyvinylidene difluoride membranes. After

blocking with 5% nonfat dry milk in TBS-0.1% Tween-20

for 1 h at room temperature, the membranes were incu-

bated with primary antibodies against VCAM-1 (Santa

Cruz Biotechnology Inc., Santa Cruz, CA, USA) and the

phosphorylated and total forms of ERK1/2, JNK and p38

(Cell Signaling, Beverly, MA, USA) at a dilution of 1:1000

in TBS-0.1% Tween overnight at 4 �C. The membranes

were then incubated with a secondary antibody, peroxi-

dase-conjugated goat anti-rabbit immunoglobulin G, at a

dilution of 1:2000 for 1 h at room temperature. After

washing, the membranes were analyzed using an

enhanced chemiluminescence system (EZ-ECL; Beit

Haemek Ltd, Ashrat, Israel) according to the manu-

facturer’s protocol.

Real-time polymerase chain reaction

Gene expression of VCAM-1 was assessed by quantitative

real-time polymerase chain reaction (PCR). Total RNA

was extracted from frozen liver samples with the TRIzol

Reagent (Invitrogen Corporation, Carlsbad, CA, USA),

and 1 lg of RNA from each sample was reverse-

transcribed with oligo (dT) and random hexamer primers

using M-MLV reverse transcriptase (Promega Corpora-

tion, Madison, WI, USA). Next, 10 ng of cDNA and

gene-specific primers were added to SYBR Green PCR

Master Mix (SYBR Green I Dye, AmpliTaq DNA poly-

merase, dNTPs with dUTP and optimal buffer compo-

nents; Applied Biosystems, Foster City, CA, USA) and

subjected to PCR amplification in an iCycler Real-Time

PCR Detection System (Bio-Rad, Hercules, CA, USA).

Fluorescence was measured after each PCR cycle (initial

10-min denaturation at 95 �C, followed by 40 amplifica-

tion cycles of denaturation at 95 �C for 15 s and anneal-

ing extension at 61 �C for 1 min). Each sample was

measured in triplicate and the VCAM-1 gene expression

was normalized by the endogenous glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene expression.

Relative quantifications of target genes were standardized

by the sham-operated samples using the comparative C(t)

method using threshold cycle C(t) values. The sequences

of the primers used were: 5¢-GAAGCCGGTCATGGTCA

AGT-3¢ and 5¢-GACGGTCACCCTTGAACAGTC-3¢ for

VCAM-1 (cDNA: NM_012889); and 5¢-ATGCCATCACT

GCCACTCAG-3¢ and 5¢-CAGGGATGATGTTCTGGGT-3¢
for GAPDH (cDNA: DQ_403053).

Intravital fluorescence microscopy

Liver microcirculation was assessed during the time per-

iod of 60–120 min after reperfusion by intravital fluores-

cence microscopy using a previously described method

[24] with some modifications. The rat was placed in a

prone position, and the left liver lobe was placed on a

immersion glass disc in warm saline at 37 �C. Intravital

fluorescence microscopy was performed using a modified

Olympus microscope (IX81WI; Olympus Optical Corpo-

ration GmbH, Hamburg, Germany). Blood perfusion was

evaluated after contrast enhancement with fluorescein-

isothiocyanate-labeled dextran (FITC-dextran; i.v. 0.4 ml,

4 mg/ml; Sigma Chemical Co., St. Louis, MO, USA). Leu-

kocytes were labeled in vivo with rhodamine-6G (i.v.

0.1 ml, 4 mg/ml; Sigma Chemical Co.). Ten postsinusoi-

dal venules with connecting sinusoids were evaluated in

each animal (n = 6 per group).
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Filter blocks for FITC-dextran (excitation: 450–480 nm;

emission: >515 nm) and rhodamine 6G (excitation:

510–550 nm; emission: >590 nm) were used for epi-illu-

mination. An objective (UPIanFLN 20 · 0.45 Ph1;

Olympus Optical Corporation GmbH) provided a magni-

fication of approximately 320 on the video screen. Obser-

vations were recorded using a charge-coupled device

video camera (DP30BW CCD camera; Olympus Optical

Corporation GmbH,) and stored. The video images were

analyzed using Image Pro plus 6.0 (Media Cybernetics

Inc., Bethesda, MD, USA).

The quantitative analyses of liver microcirculation

included the determination of the number of perfused sinu-

soids, given as a percentage of the total number of sinusoids.

Rolling leukocytes were defined as cells that were loosely

interacting with the venular endothelium and could easily

be discriminated by their visibly slower flow rate. Adherent

leucocytes were defined as cells that remained attached to

the same area of endothelial lining for the entire 30-s obser-

vation period. The observed numbers of rolling and

adherent leucocytes in 10 randomly selected postcapillary

venules were expressed as cells/min and cells/mm venule

length, respectively. Sinusoidal trapping was measured by

counting the number of cells that adhered in liver sinusoids

in 10 high power fields and given as cells/high power field.

Statistical analysis

All values are reported as the mean ± SD. Data were ana-

lyzed by one-way anova, and a Student–Newman–Keuls

posttest was used for estimation of the stochastic proba-

bility in intergroup comparisons. Values of P < 0.05 were

considered to indicate statistical significance.

Results

Analysis of liver function by AST determination

As shown in Fig. 1, significant increases in the serum AST

activities were observed after I/R from 0.5 h to 2 days in

the IR+V group compared with the C group, indicating

impaired liver function after I/R injury. In contrast, the

postischemic serum AST activities were significantly lower

in the IR+M group. These results showed that adminis-

tration of MMF can effectively ameliorate the impairment

of liver function after I/R injury. There was no significant

difference between the serum AST levels in the M and C

groups, indicating that MMF had no influence on nonis-

chemic liver function (Fig. 1).

Tissue MPO, XOD and MDA levels

There were no differences in the tissue MPO, XOD and

MDA levels between vehicle- and MMF-treated rats in

the sham-operated groups (C group versus M group,

P > 0.05, data not shown). Hepatic I/R injury led to ele-

vation of the tissue MPO, XOD and MDA levels at 4 h

after reperfusion (IR+V group versus C group and IR+M

group versus C group, P < 0.05), and the increases in the

MPO, XOD and MDA levels were significantly inhibited

by treatment with MMF (IR+M group versus IR+V

group, P < 0.05) (Table 1).

TUNEL staining

No apoptotic cells were detected in nonischemic livers. The

number of TUNEL-positive cells was 8.2 ± 1.4 cells/high

Figure 1 Serum AST levels in each group at specified time points

after surgery. Compared with the C group, both the IR+V and IR+M

groups show significant increases in their serum AST levels (P < 0.05),

which peak at 4 h and then return to similar levels to those in the

nonischemia groups after 2 days. In the IR+M group, liver function is

preserved compared with the IR+V group (P < 0.05). Administration

of MMF in nonischemic livers has no influence on the serum AST

activities (M group versus C group, P > 0.05). Values are means ± SD.

*P < 0.05 versus C group; #P < 0.05 versus IR+V group.

Table 1. Tissue levels of MPO, XOD and MDA.

C group IR+V group IR+M group

MPO (U/g wet tissue) 1.53 ± 0.31 3.96 ± 0.42* 3.02 ± 0.35*�

XOD (U/g protein) 4.21 ± 0.53 12.36 ± 2.77* 9.08 ± 1.64*�

MDA (nmol/mg protein) 2.31 ± 0.25 4.89 ± 0.68* 3.35 ± 0.29*�

After 4 h of reperfusion, the livers were harvested, and the tissue lev-

els of MPO, XOD and MDA were assessed. Administration of MMF

significantly decreases the I/R injury-induced elevation of the MPO,

XOD and MDA levels.

Data are shown as the mean ± SD (n = 6 for each group).

*P < 0.05, versus C group.

�P < 0.05, versus IR+V group.
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power field in the IR+V group, compared with only

1.9 ± 0.3 TUNEL-positive cells/high power field in the

IR+M group (IR+M group versus IR+V group, P < 0.05)

(Fig. 2).

VCAM-1 mRNA and protein expression levels

As shown in Fig. 3a, VCAM-1 protein expression was

enhanced in both IR+V and IR+M groups compared with

the sham-operated group at 4 h after I/R injury. In con-

trast, MMF significantly decreased the hepatic VCAM-1

protein level (Fig. 3a).

VCAM-1 mRNA expression was determined by real-

time PCR. The results were almost the same as those

obtained in the western blot analyses. As shown in

Fig. 3e, liver I/R injury significantly upregulated VCAM-1

mRNA expression compared with the sham-operated

group, whereas MMF treatment significantly decreased

I/R-induced VCAM-1 mRNA expression (Fig. 3e).

Expression of MAPK proteins

Compared with the sham-operated group, hepatic I/R

injury markedly increased the phosphorylation of ERK,

p38 MAPK and JNK in the IR+V group. In the IR+M

group, the protein expressions of phospho-ERK and

phospho-p38 MAPK were downregulated. Phospho-JNK

was not influenced by MMF treatment. The total

amounts of ERK1/2, p38 MAPK and JNK remained

unchanged in all groups (Fig. 3b–d).

Sinusoidal perfusion rate

Analysis of the hepatic microcirculation by intravital fluo-

rescence microscopy revealed marked perfusion failure

after I/R injury compared with sham-operated animals, as

indicated by the increased number of nonperfused

sinusoids. The perfused sinusoid rates were much lower in

the IR+V (65.6 ± 3.6%) and IR+M (78.2 ± 11.5%) groups

than in the C (97.1 ± 2.1%) group. Although the difference

between the IR+V and IR+M groups did not reach

statistical significance (P > 0.05), MMF pretreatment

showed better sinusoidal perfusion than the vehicle group

(Table 2).

Leukocyte–endothelial cell interactions

Only a few sequestrated leukocytes were found in the

postsinusoidal venules of sham-operated animals. The

numbers of rolling and adherent leukocytes in postsinusoi-

dal venules were 1.1 ± 0.3 and 0.3 ± 0.1 cells/mm venule

length, respectively. Sinusoidal leukocyte adhesion assess-

ments elicited similar results to the low sinusoidal trapping

(0.4 ± 0.1 cells/high power field) in sham-operated

animals. Hepatic I/R injury provoked activation of leuko-

cytes, as indicated by their enhanced interactions with the

venular endothelium within the hepatic microvasculature.

The numbers of rolling and adherent leukocytes in postsi-

nusoidal venules (32.6 ± 6.1 and 21.7 ± 5.2 cells/mm

venule length, respectively) were more pronounced in the

IR+V group than in the C group. In sinusoids, I/R injury

increased sinusoidal trapping to 22.4 ± 4.2 cells/high

power field. Notably, pretreatment with MMF significantly

decreased the leukocyte–endothelium interactions in the

liver, with nearly threefold decreases in the numbers of roll-

ing and adherent leukocytes in the IR+M group (11.8 ± 2.7

and 7.6 ± 0.9 cells/mm venule length, respectively). MMF

administration was also characterized by reduced

sequestration of leukocytes in the sinusoids with lower

sinusoidal trapping (4.6 ± 0.8 cells/high power field)

compared with the IR+V group (Table 2, Fig. 4).

Discussion

The present study has demonstrated that administration

of MMF confers protection against hepatic I/R injury, as

evidenced by significant amelioration of liver function

and liver cell apoptosis during hepatic I/R. These

protective effects appear to be associated with reduced

inflammatory responses and production of ROS,

together with improvement in I/R-induced hemodynamic

turbulence.

(a) (b) (c)

Figure 2 Detection of apoptotic cells using the TUNEL method. No TUNEL staining is observed in a section from the C group (a). After 60 min of

ischemia and 4 h of reperfusion, a section from the IR+V group shows a large number of TUNEL-positive cells (b), whereas the proportion of

TUNEL-positive cells is significantly lower in a section from the IR+M group (c).
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ROS and toxic free radicals have been implicated in the

mediation of hepatic I/R injury [25–27]. In this study,

MMF treatment markedly reduced tissue MPO levels,

indicating suppression of neutrophil sequestration and

activation, which play fundamental roles in I/R-induced

ROS production [28,29]. Another mechanism for the

important beneficial effects of MMF on ROS abatement is

nucleotide metabolism. The influence of MMF on nucleo-

tide metabolism is not only its major immunosuppressive

mechanism but also involved in its antioxidative effects

[13,30–32]. The metabolism of xanthine and hypoxan-

thine was shown to play a part in I/R-induced ROS gen-

eration. During the period of ischemic injury, adenosine

triphosphate is degraded to adenosine monophosphate

and subsequently catabolized to hypoxanthine. Upon rep-

erfusion of the ischemic tissue, hypoxanthine serves as a

substrate for XOD with subsequent production of tissue-

damaging superoxide radicals [33]. Previous studies have

demonstrated that XOD activation contributes to the

development of hepatic I/R. Inhibition of XOD results in

lower postischemic ROS levels and consequently reduces

hepatic MDA activity and transaminase levels [2,11].

Previous data from a cardiomyocyte-enriched model

revealed that I/R injury results in significant increases in

xanthine and hypoxanthine, and that MMF treatment can

display its inosine monophosphate dehydrogenase inhibi-

tion potency, as revealed by strong decreases in the pro-

duction of xanthine and hypoxanthine, and consequent

reduction in XOD-dependent free radical production

[13]. In this study, MMF treatment significantly decreased

(a) (b)
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Figure 3 Effects of MMF on VCAM-1

expression and MAPKs phosphorylation

in liver I/R injury. Representative western

blot (upper panel) and densitometric

(lower panel) analyses are presented to

show the influence of MMF on VCAM-1

expression and ERK 1/2, p38 MAPK and

JNK activation in the livers of the differ-

ent groups. (a) Effects of MMF on I/R

injury-induced VCAM-1 expression. (b)

Effects of MMF on I/R injury-induced

ERK1/2 activation. (c) Effects of MMF on

I/R injury-induced p38 MAPK activation.

(d) Effects of MMF on I/R injury-induced

JNK activation. (e) Effects of MMF on

VCAM-1 mRNA expression in livers

evaluated by real-time PCR analysis. The

VCAM-1 mRNA level was corrected by

the corresponding GAPDH mRNA level

in each sample. Bars represent the fold

increases compared with the sham-oper-

ated group. Each value represents

the mean ± SD of three experiments.

*P < 0.05, versus C group; #P < 0.05,

versus IR+V group.

MMF attenuates hepatic ischemia/reperfusion injury Liu et al.

ª 2009 The Authors

752 Journal compilation ª 2009 European Society for Organ Transplantation 22 (2009) 747–756



I/R-induced tissue XOD activation and consequently

attenuated oxidative stress-induced hepatic injury, as

indicated by the preservation of the tissue MDA levels.

To date, the mechanisms for the inhibitory effects of

MMF with regard to XOD activity remain unclear. A pos-

sible mechanism may be that MMF reduces neutrophil

activation, as previous studies have demonstrated impor-

tant roles of neutrophil accumulation in XOD-mediated

reperfusion injury [34,35]. Other mechanisms, such as

purine depletion causing substrate reduction, are also

worthy of further investigation.

Microcirculatory disturbances during organ transplan-

tation, which are characterized by capillary perfusion fail-

ure and inflammation-associated leukocyte recruitment,

are thought to be a key step in the cascade of events

involved in I/R injury [36]. After I/R injury, microcircula-

tory disturbances can be initiated by the generation of

ROS and other proinflammatory mediators that activate

both leukocytes and the hepatic vascular endothelium.

Upon activation, leukocytes roll along the endothelium of

postsinusoidal venules and subsequently adhere to the

endothelium. Amelioration of such postischemic leuko-

cyte–endothelial cell interactions can protect the liver

against I/R injury [3,37,38]. In this study, analysis of

leukocyte–endothelial cell interactions by intravital fluo-

rescence microscopy revealed that the postischemic

increases in the numbers of rolling and adherent leuko-

cytes were significantly reduced in MMF-pretreated rats.

Amelioration of post-I/R sinusoidal perfusion failure was

also observed in the MMF-pretreated rats. These observa-

tions indicated that MMF has beneficial hemodynamic

effects on hepatic I/R by alleviating postischemic leuko-

cyte–endothelial cell interactions. The expression of adhe-

sion molecules, such as VCAM-1, is generally required for

firm adhesion between leukocytes and the hepatic vascu-

lar endothelium [39,40], and downregulation of VCAM-1

can attenuate hepatic I/R injury both in vivo and in vitro

[41,42]. Several studies have shown that VCAM-1 is

essential for leukocyte attachment and penetration

through endothelial cells in hepatic sinusoids and postsi-

nusoidal venules of the postischemic liver [43,44]. In this

study, the amelioration of microcirculatory disturbances

and reduced leukocyte–endothelial cell interactions

(a) (b) (c)

(d) (e) (f)

Figure 4 Intravital fluorescence microscopy of hepatic microcirculation using rhodamine 6G in postsinusoidal venules and sinusoids, showing flu-

orescently labeled rolling and adherent leukocytes as well as sequestration of leukocytes in sinusoids. (a) Rolling and adherent leukocytes in the C

group. (b) Rolling and adherent leukocytes in the IR+V group. (c) Rolling and adherent leukocytes in the IR+M group. (d) Sinusoidal sequestration

of leukocytes in the C group. (e) Sinusoidal sequestration of leukocytes in the IR+V group. (f) Sinusoidal sequestration of leukocytes in the IR+M

group.

Table 2. Intravital analysis of liver microcirculation.

C group IR+V group IR+M group

Perfused sinusoids

rate (%)

97.1 ± 2.1% 65.6 ± 13.6%* 78.2 ± 11.5%*

Rolling leucocytes

(cells/min)

1.1 ± 0.3 32.6 ± 6.1* 11.8 ± 2.7*�

Adherent leucocytes

(cells/mm venule length)

0.3 ± 0.1 21.7 ± 5.2* 7.6 ± 0.9*�

Sinusoidal trapping

(Cell/high power field)

0.4 ± 0.1 22.4 ± 4.2* 4.6 ± 0.8*�

Quantitative analysis of the liver microcirculation was performed by

intravital microscopy. The perfused sinusoid rate was expressed as a

percentage of the total number of sinusoids. Rolling leukocytes were

calculated as the number of cells per minute during the observation

period (min)1). Adherent leucocytes were expressed as the number of

cells per venule length (mm)1). Sinusoidal trapping was calculated as

the number of cells per high power field.

Data are shown as the mean ± SD (n = 6 for each group).

*P < 0.05, versus C group.

�P < 0.05, versus IR+V group.
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achieved by preischemic administration of MMF were

associated with decreased tissue VCAM-1 mRNA and

protein levels, which were both increased after I/R. These

results are consistent with a renal previous study, which

found that MPA can suppress leukocyte–endothelial cell

interactions by inhibiting the expression of adhesion

molecules [15]. A potential mechanism may involve the

inhibitory actions of MMF on adhesion molecule synthe-

sis. By depleting guanosine triphosphate pools, MMF

inhibits fucose and mannose transfer to membrane glyco-

proteins, including adhesion molecules [15,32]. Moreover,

MAPKs, which are key elements in the regulation of

cellular responses to external inflammatory signals during

hepatic I/R injury [45,46], may also contribute to the

inhibitory effects of MMF on adhesion molecules. Some

studies have demonstrated that MAPKs are important for

the expression of endothelial adhesion molecules [47–49].

On the other hand, MPA treatment was reported to cause

marked downregulation of the p38 MAPK and ERK1/2

pathways in mesangial and myeloid cells [50,51], and

exogenous guanosine can rescue the MMF inhibitory

effects on MAPKs, thereby indicating that guanosine

reduction is partially responsible for the inhibitory effects

of MPA on MAPKs activation [50]. In our experiments,

hepatic I/R injury increased the phosphorylation of ERK,

p38 MAPK and JNK, and administration of MMF mark-

edly downregulated the phospho-ERK and phospho-p38

MAPK levels. Therefore, we conclude that MMF appears

to downregulate the postischemia expression levels of

adhesion molecules as well as the subsequent leukocyte–

endothelial cell interactions, at least partly through

guanosine reduction-induced inhibition of ERK and p38

MAPK phosphorylation and activation.

At the present time, our study is simply proof of a

concept for clinical liver transplantation in a nonclinical

setting, and MMF is only used in recipients. Under such

circumstances, MMF can only show its effects during the

phase of reperfusion. Therefore, administration of MMF

at the time point of reperfusion is also worthy of further

investigation.

In summary, pretreatment with MMF attenuated hepa-

tic I/R injury in rats in association with both decreased

production of ROS and beneficial hemodynamic effects

by inhibiting leukocyte–endothelial cell interactions

through downregulation of the adhesion molecule

VCAM-1. Therefore, MMF used as part of an immuno-

suppressant regimen may also afford potential protective

effects against hepatic ischemia.
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