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ORIGINAL ARTICLE

Involvement of tumor necrosis factor-a

receptor 1 and tumor necrosis factor-related
apoptosis-inducing ligand-(TRAIL) receptor-2/
DR-5, but not Fas, in graft injury in live-donor

liver transplantation

Abstract The pathway leading to
cell death in clinical liver trans-
plantation is not known. Eight liver
transplant recipients and eight do-
nors were enrolled in this study.
Postoperative serum levels of ala-
nine transferase had significantly
increased in the recipients com-
pared with those in the donors.
Mild centri-lobular necrosis was
observed in only liver tissues taken
from the recipients. Tumor necrosis
factor (TNF)-R1 and death recep-
tor 5 expression levels had in-
creased in liver tissues taken from
the recipients. There were no
changes in the levels of Fas/Fas
ligand expression in liver tissues
from either the donors or recipi-
ents. Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)
expression was down-regulated in
donor liver after hepatectomy and
liver allograft after implantation.
The results suggest that, although
ischemic liver injury was not
serious, due to the short ischemia
time, TNF and TRAIL signals are

Introduction

Although the techniques used for liver transplantation
have improved considerably over the past two decades,
prolonged hepatic ischemia followed by reperfusion

associated with liver ischemic injury
in live-donor liver transplantation
but Fas signal is not.

Keywords Ischemia/reperfusion
injury - Apoptosis - Necrosis -
Liver allograft - Death receptor

results in severe injury that contributes to morbidity and
mortality in shock, transplantation, and liver surgery.

There are many potential mediators involved in
ischemia/reperfusion injury, including cytokines and
polymorphonuclear neutrophils [1, 2]. Tumor necrosis
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factor (TNF)-a is a pivotal cytokine in inflammation and
necrosis in viral hepatitis and alcoholic liver disease and
it also apparently plays a central or additive role in
pathogenesis [3, 4, 5, 6]. Several studies have suggested
that TNF-o is involved in the pathogenesis of hepatic
ischemia and reperfusion injury. For example, increased
serum TNF-o levels have been found after reperfusion in
a rat model of hepatic ischemia, and it has been shown
that serum TNF-« level is correlated with the duration
of ischemia [7, 8].

Investigation of TNF-a and its cognate 55-kd recep-
tor, TNF-receptor 1, led to the realization that ligands
for endogenous cell surface receptors can induce cell
death [9]. Death receptors are members of the TNF/
NGF superfamily of receptors [10] and include Fas and
TNF-receptors 1 and 2 and tumor necrosis factor-re-
lated apoptosis-inducing ligand (TRAIL) receptors [10].
Fas receptor and FasL is the most well-characterized
extracellular system that triggers apoptosis. Injection of
Fas receptor agonistic antibodies causes death in the
mouse, associated with fulminant hepatic failure [11].
The Fas receptor has been shown to be closely correlated
with the activity of viral hepatitis [12]. However, a few
reports are currently available on the role of the Fas
receptor and FasL in the ischemic liver [6]. TRAIL has
been identified as a unique ligand that induces apoptosis
in tumorgenic or transformed cells but not in normal
cells [13]. For example, soluble TRAIL proved unique in
that it frequently induced apoptosis of transformed cells
in vitro and in xenograft murine models without causing
apoptosis of normal cells [14]. Those observations re-
newed the hope that it might be possible to identify a
ligand with selectivity for tumor cells. Recently, a solu-
ble form of TRAIL has been reported to induce apop-
tosis in cultured human hepatocytes [15]. It remains
unclear whether TRAIL exhibiting tumoricidal proper-
ties can induce apoptosis of normal hepatocytes or not
[16]. Four different receptors have been shown to bind
this death ligand with high affinity. Two of these
receptors, TRAIL receptor 1 (death receptor-4) and
TRAIL receptor 2 (death receptor-5), are plasma
membrane proteins that contain death domains involved
in the binding of downstream signal molecules that
activate the apoptotic machinery {17, 18]. Two other
plasma membrane receptors, TRAIL-R3 (DcR-1) and
TRAIL-R4 (DcR-2), are so-called decoy receptors
(DcRs) because they bind TRAIL but lack death do-
mains and do not induce death [18,19]. It was initially
suggested that the relative distribution of the death-
inducing receptors DR-4 and DR-5 versus the decoy
receptors DcR-1 and DcR-2 determined whether
TRAIL induced apoptosis in a given cell type [18].
However, this concept has been refuted [13), and current
evidence suggests that TRATL-induced cell death is also
regulated by currently unidentified intracellular factors
[19].

Although TNF-« has been shown to mediate hepatic
reperfusion injury, the involvement of Fas and TRAIL
signals in the pathogenesis of liver injury in hepatectomy
and liver transplantation remains unclear [5, 6]. The
present study was therefore designed to examine cell
death and the death-receptor systems in live-donor liver
transplantation (LDLT).

Methods
Experimental design

We examined postoperative liver function, the apoptosis
and/or necrosis of liver cells and systems of death
receptors/ligands in livers of patients undergoing LDLT
and donors. Liver biopsies were performed to obtain
samples for quantification of messenger RNA of death
receptors/ligands and apoptotic cells. Samples of liver
tissues were obtained from the donors before and after
right hemi-hepatectomy, and tissues samples were
obtained from the grafted livers of the recipients after
implantation.

Patients and surgical procedure

Between March 2002 and September 2002, eight patients
underwent live-donor liver transplantation at our hos-
pital. Those eight patients, and eight donors, were en-
rolled in this study after we had obtained consent before
surgery. The biomedical ethics committee of our hospi-
tal approved the protocol. The patients’ characteristics
are shown in Tables 1 and 2. All of the patients under-
went live-donor liver transplantation of right hemi-liver
allografts.

The donor hepatectomy consisted of a right hemi-
hepatectomy without the Pringle maneuver (clamping of
hepatoduodenal ligament). A baseline biopsy sample
was obtained immediately after laparotomy. Parenchy-
mal transection was performed on the right side of the
middle hepatic vein (MHYV). During parenchymal

Table 1 Clinical data of donors (n=28)

Parameter Clinical data

Age (years) 35

Gender (male:female) 53

Preoperative AST (IU/ml) 35

Operating data

Method Right hemi-hepatectomy
Time (min) 480 +36

Bleeding volume (ml) 370+ 100

Postoperative complications None

Outcome All alive
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Table 2 Clinical data of recipients (n =28)

Parameter Clinical data

Age (years) 53

Gender (male:female) 6:2

Indication for liver Liver cirrhosis (5)
transplantation HCC (1)

Autoimmune hepatitis (1)
Fulminant hepatic failure (1)
Operating data

Method Live-donor liver
transplantation

Time (min) 8650250

Bleeding volume (ml) 5,625+ 3,680

Warm ischemia time (min) 28=+1.0

Cold ischemia time (min) 121+74

GW/RW 0.97+0.15

Acute rejection (2)
Cholangitis (1)
Pneumonitis (1)
Recurrence of HCC (1)
Chronic rejection (1)

Postoperative complications

Graft loss

transection, the right branches of the MHV were
clamped with a vascular clamp and then transected. A
second donor liver biopsy sample was obtained 30 min
after donor hepatectomy. The liver graft was perfused
with University of Wisconsin (UW) solution. The aver-
age intraoperative blood loss was 370 ml. None of the
eight donors was given a blood transfusion. In the liver
transplant recipient, the implantation started with end-
to-end hepatic vein anastomosis after total hepatectomy
with preservation of the inferior vena cava (IVC). The
portal vein and hepatic artery were reconstructed in an
end-to-end fashion. An end-to-end choledocho-chole-
dochostomy was then performed. A liver biopsy sample
was obtained from the recipient 2 h after hepatic artery
reconstruction. Intraoperatively, the donors and recipi-
ents were given PGE1 (0.01 pg/kg per h) and dopamine
(2-5 pg/kg per h) to control blood pressure and main-
tain hepatic blood flow.

Liver biopsy

Samples of liver tissues obtained during surgery were
immediately stored in a freezer (—70°C) or stored in 4%
paraformaldehyde.

Histology

Formalin-fixed tissue samples were embedded in par-
affin, and S-um-thick sections were cut. Replicate
sections were either stained with hematoxylin and eosin
(H and E) for evaluation of necrosis or stained by
the terminal deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate (dUTP) nick end-labeling

(TUNEL) assay. Cell necrosis in serial sections was
evaluated. Morphological criteria such as increased
eosinophilia, vacuolization, cell disruption, loss of
architecture, and karyolysis were used to determine
necrosis.

Terminal deoxynucleotide transferase-mediated
deoxyuridine triphosphate nick-end labeling staining

Characteristic fragmentation of DNA strands is generally
accepted as a specific downstream event of apoptosis. For
sensitive quantification of apoptotic hepatocytes, we used
the TUNEL method, which labels the characteristic
DNA double-strand breaks. The assay was performed
with a commercial kit (Berringer, Germany), and the
instructions from the manufacturer were strictly followed.

Preparation of total RNA

Total RNA was isolated from frozen tissue by the
standard method that has been described previously [20].
Liver tissues were obtained from by laparotomy and
stored at ~70°C. The frozen liver samples were
homogenized in ISOGEN solution (Nippon Gene Co.,
Tokyo, Japan) with a Teflon homogenizer, and total
RNA was subsequently isolated according to the man-
ufacturer’s instructions. The final RNA pellet was re-
suspended in RNase-free H,O, and the RNA concen-
tration was determined by measurement of the optical
density at 260 nm.

RNase protection assay

We performed an RNase protection assay to quantify
mRNAs in rat hepatic tissues, using a RiboQuant multi-
probe RNase protection assay system and a multi-probe
template set to detect death ligand/receptor mRNAs,
hAPO-3d (Pharmingen, San Diego, Calif., USA) and
following the manufacturer’s protocol. Briefly, the
multi-probe templates were transcribed in vitro in the
presence of <alpha-32P > UTP to generate RNA multi-
probes. The synthesized probes (4.0x10° Cerenkov
counts) were hybridized in solution with 10 pg of total
RNA extracted from liver tissues at 56°C overnight. The
samples were subsequently digested with a mixture of
RNase A and T1, and proteinase K. After phenol-
chloroform extraction and ethanol precipitation,
hybridized and protected RNA species were analyzed by
denaturing polyacrylamide electrophoresis in a 5% gel
containing urea. Signals were visualized and quantified
with a BAS2000 image analyzer and MacBAS software
(Fuji Film). Relative intensities of death ligand/receptor
mRNAs were compared with that of GAPDH mRNA.
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Statistics

The differences between the means of each group were
tested by ANOVA, and a P<0.05 was considered
significant.

Results
Postoperative liver function and complications

The postoperative complications and results of liver
function tests are shown in Tables 1 and 2. The eight
donors were discharged, having suffered no complica-
tions. Six of the eight liver recipients survived. One died
from recurrence of hepatocellular carcinoma, and an-
other died from chronic rejection. Serum alanine trans-
ferase levels on postoperative day 1 had increased
significantly in the liver transplant recipients compared
with those in the donors (Fig. 1).

Effect of liver surgery on apoptosis and necrosis

Liver samples were examined before cholecystectomy
(baseline) and at approximately 30 min after hepatec-
tomy, in the donors, and at 2 h after reperfusion (after
hepatic artery reconstruction), in the recipients. Only
exceptional cells were stained positively for TUNEL
assay in baseline and donor hepatectomy biopsy sam-
ples. We also observed few apoptotic cells in liver tissues
taken from liver allografts in the recipients (data not
shown). The possibility of technical error was ruled out
by the fact that TUNEL assay of the sections obtained
from a patient with chronic hepatitis showed moderate
apoptosis (data not shown). However, mild centri-lob-
ular necrosis and spotty hepatocyte necrosis were ob-
served in liver allograft sections. Necrosis was observed
in only a few hepatocytes in sections of liver tissues
obtained from the donors (Fig. 2).

800 *
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Serum ALT levels (IU/L)
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Donor Recipient

Fig. 1 Peak plasma activities of alanine transferase {(ALT) were
measured postoperatively in donors and recipients. The results are
shown as means + standard deviation. *Statistically significant
difference compared with donor (P <0.05)

Fig. 2a— H and E preparations of liver biopsy samples from (a)
donor before hepatectomy, (b) donor after hepatectomy, and (c)
recipient after implantation of liver allograft (original magnifica-
tion x40); a showed normal histology; b showed minimal changes
of histology, with minimal necrosis of hepatocytes. Allograft liver
after implantation (¢) showed mild centri-lobular necrosis and
spotty necrosis of hepatocytes
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Effects of liver surgery on the Fas/Fas ligand

The effects of liver surgery on the Fas/Fas ligand were
assessed with RNase protection assays. Only minimal
expression levels of Fas and Fas ligand were observed in
liver tissues before donor hepatectomy. The expression
level of Fas was significantly lower than that of TNFR-I
and TRAIL systems in all patients (Fig. 3a, b). No sig-
nificant difference was found between expression levels
before and after hepatectomy in tissues from the donors
or after liver implantation in tissues from the recipients
(Fig. 4a).

Effects of liver surgery on TNF receptor I

The expression level of TNF-R1 had increased signifi-
cantly in liver samples taken after implantation of the
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Fig. 3 RNase protection assay of several apoptosis-associated
molecule of livers samples taken from domors and recipients.
a Autoradiograms of RNase protection assay. b Results of liver
samples taken from donors before hepatectomy. The relative
quantification of each mRNA expression was performed as
described in the manual, with GAPDH mRNA as an internal
control. Donor before hepatectomy showed the constitutive
expression of TNR-R1, TRAIL and DR-5 mRNA, but DR-4,
DcR-2 and Fas mRNA were only minimally expressed

liver allograft compared with that in liver samples taken
before donor hepatectomy. The expression level of
TNF-R1 in liver samples taken after donor hepatectomy
had not increased significantly compared with those in
liver samples taken before donor hepatectomy (Fig. 4b).

Effects of liver surgery on TRAIL/TRAIL receptors

TRAIL expression level was relatively high in normal
liver tissue taken before donor hepatectomy. Significant
down-regulations of the expression level of TRAIL were
observed after donor hepatectomy and graft implanta-
tion (Fig. 4c). The expression level of DR-5 was also
relatively high, but DR-4 and DcR-1 and DcR-2 were
only minimally expressed in liver tissues taken before
donor hepatectomy (Fig. 3b). Although a significant
change in the expression levels of death receptors after
donor hepatectomy was not observed, the expression
levels of DR-4 and DcR-2, and, particularly, that of
DR-S5, were up-regulated after liver transplantation
(Fig. 4d-1).

Discussion

The results of this study showed that there was mild
hepatocellular damage following liver transplantation in
recipients. Dynamic changes in death receptor/ligand
systems after donor hepatectomy, and implantation of
the liver allograft, were observed. We found that (1)
TNF-R1 mRNA expression was up-regulated after live-
donor liver transplantation; (2) the weakly constitutive
expression of Fas/Fas ligand systems was not signifi-
cantly changed by donor hepatectomy or liver trans-
plantation; (3) the expression of TRAIL was
significantly down-regulated after donor hepatectomy
and after implantation of the liver allograft. The
expression levels of DR-5 and DcR-2 had increased after
implantation of the liver graft but not after hepatectomy
in donors.

Mild centri-lobular necrosis and spotty hepatocyte
necrosis were observed in liver samples obtained from
the recipients. Apoptosis was not detected in any liver
tissues by the TUNEL assay. Clavien et al. have shown
that the first targets of injury in rodents are sinusoidal
endothelial cells, in which morphologic features of
apoptosis develop within 30 min of reperfusion [21].
Later studies using the same models have shown that
injury to hepatocytes occurred between 3 h and 8 h of
reperfusion [21, 22, 23]. In the present study, we did not
investigate the mechanisms of injury after closure of the
abdomen (i.e., 3-5 h after reperfusion); therefore, later
mechanisms related to hepatocyte injury could not be
assessed in this study. The key mechanism of ischemia/
reperfusion injury has recently been reported to be
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Fig. 4a-f RNase protection assay of relative mRNA expression of
(a) Fas, (b) TNF-R1, (¢) TRAIL, (d) DR-5, (¢) DR-4, (f) DcR-2 in
human liver donor before and after hepatectomy and in recipient
after implantation of liver allograft. The relative quantification of
each apoptosis-associated mRNA expression was performed as
described in the manual, with GAPDH as an internal control. The
results are shown as means =+ standard deviation. *Statistically
significant difference compared with samples taken from donor
livers before hepatectomy (P<0.05), #statistically significant
difference compared with samples taken from donor livers after
hepatectomy (P <0.05)

Relative expression of
DR5 mRNA

DcR2 mRNA

Relative expression of

FAS

A: Donor (after hepatectomy)
B: Donor (before hepatectomy)
C: Recipient (after implantation)
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necrosis [24]. Our clinical results revealed centri-lobular
necrosis rather than apoptosis in the ischemic liver.
Although the results of our study suggest that necrosis is
the predominant form of cell death in clinical live-donor
liver transplantation, it is not clear whether the mecha-
nism of cell death during warm hepatic ischemia/reper-

fusion is necrosis or apoptosis, because warm and cold
ischemia time seems to be too short to induce serious

GAPDH
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preservation injury in clinical live-donor liver trans-
plantation [25].

Our results showed that expression of TNF-R1 was
up-regulated after liver graft implantation but not after
donor hepatectomy. TNF-a is known to be a central
mediator in hepatic response to ischemia/reperfusion.
There are two distinct phases of liver injury after warm
ischemia and reperfusion [5]. The initial phase of in-
jury (<2 h after reperfusion) is characterized by Ku-
pffer cell-induced oxidant stress. TNF-a is produced in
the early phase of injury, and it promotes the inflam-
matory response in the liver. It is conceivable that the
expression of TNF-2 mRNA was not up-regulated
after donor hepatectomy with no liver ischemia.

We have shown that there is no involvement of the
Fas/Fas ligand system after hepatectomy and LDLT.
The results of a study by Rudiger and Clavien showed
that the survival rate of Fas/Fas ligand knockout (KO)
mice, but not that of TNF-R1-KO mice, improved after
75 min of total hepatic ischemia [26]. They concluded
that the role of Fas could not be identified as a crucial
inducer of apoptotic cell death in the ischemic liver. The
results of our study also suggest that the Fas pathway is
not involved in the pathogenesis of ischemic injury of the
liver graft in live-donor liver transplantation.

We examined the third receptor/ligand of death sig-
nals: the TRAIL system. Our results showed immediate
down-regulation of TRAIL mRNA expression after
donor hepatectomy and LDLT. This is the first study to
demonstrate a down-regulation of TRAIL expression
after liver surgery. Our results support the finding that
natural killer (NK) cells, which express TRAIL, are
inactivated transiently after hepatectomy [27, 28]. It has
been reported that NK cell functions are temporarily
suppressed during the acute phase of regeneration after
partial hepatectomy in rats and then recover after ter-
mination of regeneration, suggesting that selective sup-
pression of NK cell functions during the acute phase
represents an important regulatory mechanism for liver
regeneration in the presence of hepatic NK cells [28].
NK cells activated by IL-12 showed specific cytotoxity
against regenerating hepatocytes [29]. The suppressed
function of liver-resident NK cells may promote the
augmentation of liver regeneration subsequent to partial
resection. Further basic examination is needed to
elucidate the physiological function of TRAIL.

In our study, liver tissues (baseline biopsy samples),
which were taken before hepatectomy, showed con-
stitutive expression of DR-5. However, DR-4, DcR-1,
and DcR-2 were only minimally expressed in baseline
biopsy samples. These results are identical to those of
another report [18]. We also observed pathophysio-
logical up-regulation of expression of DR-4, DR-5 and
DcR-2 in liver tissues taken from the patients who
underwent LDLT. The increased expression of DR-5
may be associated with the hepatic cell death after
reperfusion in recipients, because DR-4, and DR-5
have a death domain, and its over-expression induces
cell apoptosis [17, 30, 31]. In bile duct-ligated mice,
DR-5 mRNA and protein expression levels have been
found to increase markedly, and TRAIL-inducing
apoptosis has been found to be associated with sig-
nificant hepatotoxicity [32]. However, the expression of
TRAIL was not examined in the bile duct-ligated
model. The magnitude of liver injury caused by
TRAIL-induced apoptosis seems to be less severe than
that caused by TNF-induced apoptosis. Lethal hepa-
totoxicity, with hemorrhagic necrosis of the liver, was
observed with a TNF-a receptor agonist {33]. In con-
trast, no TRAIL-treated bile duct-ligated animals died.
It is thought that the cell death in liver graft that was
induced by the TRAIL signal is not so dominant be-
cause of the down-regulation of TRAIL expression in
live-donor liver transplantation. We also observed up-
regulation of a decoy receptor, DcR-2, after liver
transplantation. DcR-2 might alleviate TRAIL-induc-
ing hepatotoxicity, although the physiological func-
tions of decoy receptors remain unknown. Further
studies are needed to elucidate the physiological
function of the TRAIL signal.

In conclusion, although the physiological function
of TRAIL is still unclear, it has been shown that TNF
and TRAIL signals, but not the Fas signal, are asso-
ciated with ischemia/reperfusion injury of the liver in
LDLT, but Fas signal is not. Further studies should be
done to clarify the mechanisms of apoptosis and
necrosis involved in hepatic ischemia/reperfusion injury
and regeneration of liver in hepatectomy.
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