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Abstract Heme oxygenase-1 (HO-1)
has been shown to increase cellular
resistance against oxidative injury,
but the functional significance of this
is currently obscure. We investigated
the protective role of HO-1, induced
by tin-protoporphyrin IX (SaPP), in
attenuating liver transplantation in-
jury. Lewis rats were intraperitone-
ally treated with saline as control,
50 pmol/kg of SnPP, or 2 mg/kg of
cycloheximide (CHX) before SnPP
injection. Gene expression of HO-1
was induced after either treatment
with SnPP- or CHX + SnPP instead
of saline, whereas HO-1 protein
synthesis was enhanced in Kupffer-
like dendritic cells of the SnPP-

treated group. Following reperfu-
sion of liver grafts preserved for

30 h, there were fewer intercellular
adhesion molecule-1-positive cells in
SnPP-treated livers, significantly re-
duced numbers of dead cells, and
enhanced graft viability. The present
data suggest that increased synthesis
of HO-1 protein by SnPP pre-con-
ditioning is linked to the improved
liver graft viability through inhibi-
tion of inflammatory adhesion mol-
ecules.
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Introduction

Despite the success of liver transplantation, ischemia
and reperfusion (I/R) injury remains a serious problem
that affects the outcome in the treatment of patients
following hepatectomy and liver transplantation. Al-
though there has been significant effort to identify the
mechanisms of reperfusion injury following extended
hepatic ischemia, there is no clinically proven means
except for the avoidance of warm ischemia and the re-
duction of cold preservation time. Donor pre-condi-
tioning by ischemic or pharmacological maneuvers has
been recently shown to attenuate post-ischemic reper-
fusion injury in cardiac, renal, and hepatic animal
models [15, 17, 30, 34]. The underlying mechanisms may
involve the generation of vaso-active molecules such as
nitric oxide and adenosine or the expression of stress-

response genes including superoxide dismutase and heat
shock proteins (HSPs) [20, 23, 26, 38].

One of the unique HSPs, heme oxygenase-1 (HO-1),
is easily induced by a wide variety of stressful stimuli,
including structurally unrelated chemical agents and
environmental stresses such as heme, heavy metals, heat
shock, hypoxia, glutathione depletion and ultraviolet
irradiation [1, 5, 27]. The induction of HO-1 was origi-
nally proposed as a sensitive indicator of oxidative stress
but has recently been reported to be an adaptive cellular
response [1, 19]. The protective HO-1-mediated mecha-
nism may be dependent on its enzyme activity, which
includes the removal of a potentially toxic heme mole-
cule and lipid-soluble iron from cells, as well as the
generation of anti-oxidative bile pigments or vaso-active
carbon monoxide [9]. Tin-protoporphyrin IX (SnPP), a
synthetic metalloporphyrin known to be a potent
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inhibitor of HO-1 enzyme activity, has been reported to
abrogate the beneficial effects of HO-1 induced by
pharmacological agents or gene transfection, but the
role of HO-1 activity-dependent end products is cur-
rently controversial [8, 14, 40]. SnPP was considered to
exert a protective effect in pathological conditions such
as acute proximal tubule injury [40]. In fact, the inhibi-
tion of HO enzyme activity by metalloporphyrins has
been applied in models where excess heme and bilirubin
accumulation is considered to be harmful [6, 7]. SnPP
regulates HO-1 by a dual mechanism; potently inhibiting
the enzyme activity by acting as a competitive substrate
for heme while enhancing the synthesis of new enzyme
protein [28]. However, the functional significance of
synthesized HO-1 protein is not fully understood, and an
understanding of the pre-conditioning effect of SnPP on
liver I/R injury also remains elusive.

The aim of the present study was twofold. Firstly, we
examined whether SnPP employed as pretreatment
could stimulate induction of a specific stress—response
gene such as HO-1. Secondly, we investigated whether
SnPP pre-conditioning could protect the functions of
isolated rat liver when the liver was subjected to pro-
longed hypothermic preservation and transplantation.

Materials and methods

Animals

Inbred male Lewis rats, weighing 180 to 260 g, were originally
supplied by Seiwa (Tokyo, Japan) and were then bred in our lab-
oratory. They were housed in a climate-controlled room (22+ 1 °C)
with a 12-h light and dark cycle and given tap water and standard
rat chow (CE-2; CLEA Japan, Tokyo, Japan). Donor animals had
access to water only, 12 h before their organs were removed. The
present study was carried out according to the guidelines estab-
lished by Sapporo Hokuyu Hospital for the care and use of animals
in experiments.

Liver preservation and transplantation

Liver grafts were removed by standard techniques, washed out with
5 ml of lactated Ringer’s solution to which 100 units of heparin had
been added, flushed with 5 ml of University of Wisconsin (UW)
solution at 4 °C, and preserved in the same solution at -2 °C for
30 h. Following storage, orthotopic transplantation was performed
according to the modified techniques described by Kamada et al.
[13]. After transplantation, animals received a total of 5 ml of
lactated Ringer’s solution with 1.5 ml of 7% bicarbonate solution.

Experiment design

To determine the effect of SnPP pre-conditioning on I/R injury, we
first evaluated optimal SnPP concentration and treatment time for
pre-conditioning. We examined the pharmacological toxicity of
SnPP (Porphyrin Products, Logan, Utah, USA), at 5, 50 and
100 pmol/kg. No mortality and liver dysfunction was observed in
any group that received SnPP. According to the experiments

described by Anderson et al. [4], we selected the dose of 50 ymol/kg
SnPP as optimal concentration, which markedly decreased HO
enzyme activity from 4 h to 7 days, and exhibited the maximum
decreased value at 24 h after injection. Based on these results,
50 pmol/kg of SnPP was used in this study. To address the possible
function of HO-1 protein expression in protection against I/R in-
jury, we administered cycloheximide (CHX; Biomol Research
Laboratory, Plymouth, Pa., USA) prior to SnPP treatment. Since
CHX is known as a non-specific translation inhibitor, it may sup-
press syntheses of a variety of proteins below a threshold level that
is required to sustain organ function. Therefore, we selected 2, 4
and 10 mg/kg of CHX to examine its toxicity (each, n=13). All rats
that received more than 10 mg/kg of CHX died, while the rats that
received 4 mg/kg of CHX survived, although some of them showed
loss of body weight. Since 2 mg/kg of CHX did not affect the
survival and body weight of the animals, we selected 2 mg/kg of
CHX for the current experiment. The optimal time point for CHX
pretreatment was chosen from the method described by Bauer et al.
[5]: they showed that expression of HO-1 protein was almost
completely blocked by CHX administered 1 h prior to stress
induction.

The animals were divided into three groups (n=12) as follows:
group 1, animals received intraperitoneally (i.p.) 15 ml/kg of 0.9%
NaCli solution as a vehicle control; group II received 50 pmol/kg
i.p. of SnPP; group III received 2 mg/kg i.p. of CHX 1 h before
SnPP injection. SnPP was dissolved in 0.2 N NaOH and adjusted
to pH 7.50-7.55 with 1 M HCl. CHX was dissolved in 0.9%
NaCl solution. Twenty-four hours after being pre-conditioned,
the livers were removed, preserved, and then grafted. In order to
examine the direct hepatotoxic effects of CHX, we added another
group (n=6) to the initial three groups: group IV; liver grafts
from animals that received 2 mg/kg of CHX alone were grafted,
following 2 h preservation. All animals were monitored for sur-
vival. We also analyzed the expression of HO-1 before preserva-
tion and the expression of intercellular adhesion molecule-1
(ICAM-1) and cell viability after reperfusion. With regard to HO
enzyme activity, we measured both before and after transplanta-
tion. Fresh livers taken from untreated rats were used as a fresh
control.

Tissue preparation

The animals were anesthetized i.p. with 50 mg/kg of pentobarbital
followed by ether. Liver specimens (n=46) for HO-1 expression
were taken at different points in time, snap frozen in liquid nitrogen
and stored at —80 °C for early study, while those (n=3) for [CAM-
1 expression and cell viability were removed 2 h after reperfusion
(n=3).

Reverse-transcriptase polymerase chain reaction

Reverse-transcriptase polymerase chain reaction (RT-PCR) anal-
ysis was performed as previously described [16]. In brief, 100 mg of
liver tissue were homogenized in 1.3 ml of RNAzolTM B (Tel-Test,
Friendswood, Tex., USA), and 0.2 ml of chloroform was added for
extraction of RNA. After centrifugation, the suspension was col-
lected and mixed with 0.5 ml of isopropanol and centrifuged again.
The RNA pellets were washed with 1 ml of 75% ethanol, centri-
fuged, and dissolved with diethylpyrocarbonate-treated water.
With a commercially available preamplification system (SUPER-
SCRIPTTM, Life Technologies, Tokyo, Japan) 5 pg of total RNA
was reverse-transcripted in cDNA. Using primers for HO-1, we
amplified the cDNA products by PCR. Primers used in PCR were
as follows: HO-1 sense (5-TGG AAG AGG AGA TAG AGC
GA-3’) and HO-1 antisense (5-TGT TGA GCA GGA AGG CGG
TC-3’). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an
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internal control, was obtained from MPCR Kit for rat apoptosis
genes set-2 (Maxim Biotech, San Francisco, Calif., USA). They
were amplified in 25 pl of PCR reaction volume containing
1.8 umol of MgCl,, 25 mmol of KC}, and 10 mmol of Tris buffer
using 1 mg of cDNA templates. PCR products of HO-1 were 451
base pairs. The dilutions of cDNA were amplified for 25, 27, 30 and
35 cycles of PCR. The mixture was first incubated at 94 °C for
3 min, and then cycled at 94 °C for 1 min, 59 °C for 1 min, and
elongated at 72 °C for 10 min and held at 4 °C. After amplifica-
tion, the samples were separated on a 3% agarose gel containing
0.05% ethidium bromide, and photographed. Digital photographs
were assessed with image-analysis software (Luminous Imager,
AISIN COSMOS R&D, Aichi, Japan) and mRNA expression was
evaluated by the band intensity ratio of HO-1 to GAPDH and
presented as %GAPDH.

Western blot analysis

Liver tissues were homogenized in an ice-cold lysis buffer
(10 mmol/1 sodium phosphate (pH 7.2), 150 mmol/l NaCl, 1%
Nonidet P-40, 2 mmol/l EDTA, 50 mmol/l NaF) containing
protease inhibitors (4 pg/ml aprotinin, 0.2 mmol/l sodium vana-
date, 100 mmol/l phenylmethylsulfonyl fluoride, 2 pg/ml Leu-
peptin) [10]. The homogenates were centrifuged at 10,000 g at
4 °C for 20 min. Lysates were mixed 2:1 with triple-strength
sample buffer (250 mmol/l Tris, 4% sodium dodecyl sulfate, 10%
glycerol, 2% f-mercaptoethanol, 0.006% bromophenol blue
[pH 6.8]), and then boiled for 5 min. The resulting supernatants
were collected and subjected to 13% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. Separated proteins in the gel
were transferred to a polyvinylidine difluoride transfer membrane,
and blocked at 4 °C overnight with 5% non-fat dry milk in
phosphate-buffered solution (PBS). The following day, the mem-
brane was incubated with rabbit anti-rat HO-1 primary poly-
clonal antibodies (1:500, StressGen Biotech, Victoria, BC,
Canada) in PBS for 60 min, washed with PBS containing 0.05%
Tween 20, and then incubated with horseradish peroxidase-con-
jugated goat anti-rabbit secondary antibodies (Dako, Carpinteria,
Calif., USA) at 1:2000 dilution in PBS. Immunoreactive bands
were visualized by an enhanced chemiluminescence detection
system (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Quantification of protein signals was performed by computer-
assisted densitometry.

Immunohistochemistry

Liver tissues were embedded in OCT compounds (Tissue-Tek,
Sakura Finetek, Torrance, Calif., USA) and quick-frozen in liquid
nitrogen. The sections (3 um thick) mounted on glass slides were
prepared and air-dried at 4 °C overnight. Sections were fixed in
=20 °C acetone—methanol (1:1) for 5 min. After being air-dried
and washed with PBS, the tissue sections were treated with 20%
bovine serum albumin for 30 min to block non-specific proteins.
After being washed with PBS, the tissue sections were exposed to
optimal dilution of polyclonal rabbit anti-rat HO-1 or monoclo-
nal mouse anti-rat ICAM-1 antibody (PharMingen, A Becton
Dickinson, San Diego, Calif., USA) for 30 min. After washing the
sections with PBS, we blocked endogenous peroxidases by treat-
ing with DAKO blocking reagent at room temperature for
30 min. After being washed with PBS, the tissue sections were
overlaid with goat anti-mouse IgG (Envision+, Dako, Carpin-
teria, Calif., USA) for 30 min. Finally, 0.1 mg/ml of 3,3’-diam-
inobenzidine tetrahydrochloride was applied for 10 min and the
sections were counterstained with hematoxylin for 2 min. The
negative control was prepared by omission of the primary anti-
bodies.

HO enzyme activity in the whole rat livers

We determined HO enzyme activity in the liver by measuring bil-
irubin formation (n=4) [11]. Liver tissue was placed on ice and
washed twice with PBS at pH 7.0. To remove insoluble fractions,
we lysed the tissue specimens in 0.25 mol/l sucrose lysing buffer
containing 2.5 mol/l potassium phosphate, 2 mol/l sucrose,
0.5 mol/l EDTA and 0.1 mol/l phenylmethylsulfonyl fluoride. The
lysates were collected by centrifugation at 2,000 rpm for 10 min
and were further centrifuged at 18,000 g for 20 min. The super-
natants were collected by ultracentrifugation at 150,000 g for 1 h.
The pellets, including the microsome fraction, were collected and
homogenized with 1% Nonidet P-40 lysing buffer solution con-
taining 150 mmol/l NaCl, 1 mmol/l phenylmethylsulfonyl fluoride,
and 50 mmol/l Tris-HCl (pH 8.0). Finally, the supernatants were
collected at 15,000 rpm for 10 min and left on ice for 30 min. The
reaction mixture contained the following in a final volume of
300 ml: 1 mmol/l glucose 6-phosphate, 0.167 U/ml glucose 6-
phosphate dehydrogenase, 0.8 mmol/i NADP, 15 mmol/l hemin,
2 mmol/l MgCl,, 0.01 mg/ml NADPH-cytochrome P450 reductase
(Gentest, Woburn, Mass., USA), rat liver cytosol (3.3 mg protein/
ml), potassium phosphate buffer (pH 7.4), and the supernatant
from the tissue specimens (100 ml). Incubation was carried out at
37 °C for 30 min. An equal volume of chloroform was added to the
reaction mixture to stop the reaction, and the bilirubin generated
was extracted into the chloroform fraction. After centrifugation at
10,000 g for 15 min, the amount of bilirubin was determined ac-
cording to a method described previously [39]. As a positive control
we used 60 pmol/kg of ferri-protoporphyrin 1X chloride (Hemin,
Sigma Chemical, St. Louis, Mo., USA), a potent inducer of HO-1
activity {35]. Enzyme activity was expressed as picomoles of bili-
rubin per milligram of tissue protein generated for 30 min.

Assessment of cell viability

Cell viability was determined according to a previously described
method [15]. In brief, the portal vein was cannulated with poly-
ethylene tubing, flushed with heparin—saline solution and perfused
ex vivo with a 50% mixture of rat plasma and saline containing
0.19 mg/ml of propidium iodide (PI; Sigma Chemical) at a flow
rate of 2.5 ml/min for 2 min and then washed with a 50% mixture
without PI for 4 min. After perfusion, the liver was excised, em-
bedded in the OCT compound and frozen in liquid nitrogen at
—-80 °C. Cryostat sections 3 pm thick were prepared for fluorescent
microscopic examination.

Statistical analysis

All data were expressed as mean + SEM. Differences were ana-
lyzed by one-way analysis of variance (ANOVA). For graft sur-
vival, the Mann—Whitney U test was used. Statistical calculations
were performed on a Macintosh personal computer with the Stat-
view II Statistical Package (Abacus Concepts, Berkeley, Calif.,
USA). Statistical significance was taken as P <0.05.

Results

Time course of HO-1 gene expression
and protein synthesis in the liver tissues

HO-1 mRNA expression in the liver tissues 3, 6 and 24 h
after treatment was analyzed by RT-PCR. Representa-
tive data of HO-1 mRINA expression in the three groups
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is shown in Fig. 1. A substantial increase in transcript
levels in the liver samples, both in the SnPP-treated and
the CHX + SnPP-treated groups, over those in the
time-matched saline control, was observed 3 h after the
onset of each treatment and was maintained for up to
24 h. An increased level of HO-1 mRNA in SnPP-
treated livers was reflected by a concomitant increase in
HO-1 protein synthesis, as shown by Western blot
analysis at 6 h, and augmented after 24 h, whereas HO-1
protein levels of group III were slightly increased after
6 h and showed no significant difference at 24 h com-
pared with those of control group I, despite the in-
creased HO-1 transcript level (Fig. 2).

Cell-type specific expression patterns of HO-1
immunoreactive proteins in liver tissues

Cell-type specific and spatial expression patterns of HO-
1 protein were determined by immunohistochemical
examination. Although HO-1 was barely detectable in
the hepatocytes and was scattered in some Kupffer-like
dendritic cells in the fresh control livers (Fig. 3A), a
substantial increase was observed in non-parenchymal
cells in the midzonal and pericentral regions and, most
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Fig. 1A, B RT-PCR analysis of HO-1 mRNA expression in the
liver tissues. GAPDH was used as an internal control. A Lane I-3
from tissue samples taken 3, 6, and 24 h after intraperitoneal
administration of saline; lanes 4-6 from rats that received 50 pumol/
kg of SnPP; lanes 7-9 from rats that received 2 mg/kg of CHX
followed by 50 pmol/kg of SnPP. B. The increase in HO-1 mRNA
in groups IT and HI compared with those of time-matched group 1

and non-treated fresh liver. One representative experiment from
four performed is shown. **P <0.001 vs group I

notably, in the sinusoidal-lining dendritic cells in livers
that received SnPP 24 h before sampling (Fig. 3B). In
contrast, no HO-1 staining could be found in CHX +
SnPP-treated livers (Fig. 3C).

HO enzyme activity in the whole livers

HO activity was measured in the whole livers 6, 24 h
after each treatment and 2 h after transplantation
(Fig. 4). In the hemin-treated positive-control group,
HO activity was significantly increased after treatment
and was further enhanced 2 h after reperfusion. HO
activity in SnPP-treated livers remained below the
baseline level of vehicle control from 6 h after treatment
up to 2 h after transplantation, although HO protein
expression was significantly increased. In the SnPP +
CHX-treated group, HO activity reverted to the same
level as in the vehicle control.

Immunohistochemical expression of ICAM-1
after reperfusion

Enhanced adhesion molecule expression during the early
periods of reperfusion mediates inflammatory response
and leads to graft failure. In the immunohistochemistry
of the control group, ICAM-1 positive materials were
dense in the sinusoidal lining cells surrounding the
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Fig. 2 A Western blot analysis of HO-1 protein expression in the
liver tissues. Representative tissue samples taken 6 and 24 h after
treatment in three experimental groups. B Densitometric values of
HO-1 protein expressed as mean + SEM. Significant increases in
HO-1 protein were observed in group II at 6 h and 24 h after
treatment compared with group I, while group IIT showed less
induction of HO-1 protein despite increased transcript expression.
Results shown are one representative experiment from four
performed. *P <0.005, **P <0.001 vs group I

6 24 6 24 6
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A

Fig. 3A-C Immunohistochemical staining for HO-1 protein. The
expression of HO-1 was augmented in Kupffer-like dendritic cells
of tissue specimens taken 24 h after intraperitoneal administration
of SnPP (B), when compared with that of saline (A), whereas
expression of HO-1 positive materials was almost completely
inhibited in CHX-treated livers (C). Original magnification: x400

hepatocytes, 2 h after reperfusion (Fig. SA), whereas
those in group II were markedly suppressed (Fig. 5B).
In group III, ICAM-1 positive cells were moderately
present in the sinusoidal lining cells after reperfusion
(Fig. 5C).

Assessment of cell viability of reperfused grafts

Pl-stained cells in reperfused livers indicate apoptotic
dead cells. Fewer apoptotic cells were detected in
group II than in groups I and III (Fig. 6A). We assessed
cell viability by counting apoptotic cells, and exhibited it
by histogram: Pl-positive cell counts were 142.4 +23.5,
22.6+3.5, and 109.3£16.5 in groups I, II and 11, re-
spectively (Fig. 6B), indicating the excellent cell viability
in group II (P <0.001).

Animal survival after transplantation

Animal survival rates of more than a 2 weeks were
monitored after transplantation (Table 1). The animals
in group II had the best survival rate, compared with
those in the other groups (P<0.01). Sixteen rats in
group I and nine rats in group II1 died the following
morning because of liver failure. The direct hepatotoxic
effect of CHX was considered to be negligible by the
additional experiments with short-term-preserved livers,
in which all rats survived.

Discussion

A recent report has demonstrated that HO-1 over-ex-
pressed by cobalt protoporphyrin confers cytoprotection
in a rat-liver model of I/R injury, while inhibition of
HO-1 mediated by zinc protoporphyrin abrogates the
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Fig. 4 HO enzyme activities of the whole-liver tissues. Respective
time points for removal were: white bar 6 h after treatment; black
bar 24 h after treatment; striped bar 2 h after transplantation. HO
activity in vehicle control livers (group I) was 5.2+2.1 pmol/
30 min per mg protein. In the hemin-treated group, a positive
control, HO activity markedly increased to 17.8 £4.6 pmol/30 min
per mg protein 24 h after injection (*P <0.005), while those in the
SnPP-treated and CHX + SnPP-treated groups (groups II and III)
decreased below the baseline level to 4.6+2.5 and 5.1+0.5 pmol/
30 min per mg protein at 24 h, respectively. Two hours after
transplantation, HO activity remained decreased in all groups
(vehicle control: 6.4 +1.6; SnPP group: 4.7+3.8; SnPP + CHX:
7.9+ 3.5 pmol/30 min per mg protein, respectively) except for the
hemin-treated group (19.1+£2.4 pmol/30 min per mg protein
*P <0.005)

beneficial effect [14]. We have previously reported that
prior induction of HO-1 gene expression with a con-
comitant increased activity by hemin in donor livers
could be associated with partial cytoprotection against
hepatic cold I/R injury. Interestingly, SnPP, a potent
competitive inhibitor of HO enzyme activity, did not
eliminate the effects of hemin but rather conferred more
beneficial effects, as indicated by histology and animal
survival [35]. Since SnPP reduced HO enzyme activity
below the baseline level, it was unlikely that the end
products of heme degradation, including bilirubin and
carbon monoxide, could be directly linked to cytopro-
tection against hepatic I/R injury. Thus, we tried to
investigate the functional significance of SnPP on the
regulation of HO-1 protein synthesis independently of
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Fig. SA-C Immunohistochemical staining for ICAM-1. ICAM-1
expression in liver tissues of group I was evident in sinusoidal lining
cells around the hepatocytes 2 h after reperfusion (A), while highly
suppressed in tissues of group II (B). Moderate ICAM-1 expression
was seen in tissues of group III (C). Original magnification: x400

enzyme activity. Furthermore, we used a potent
translational inhibitor of protein synthesis, CHX, before
SnPP administration. Prior administration of SnPP in-
duced a large amount of HO-1 protein to liver grafts and
appeared to confer protection against I/R injury,
whereas CHX almost completely inhibited HO-1 protein
synthesis and eliminated SnPP-induced cytoprotection.
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The intrinsic hepatic regulation of stress-response
genes such as HO-1 has been considered to be a key
mechanism of cytoprotection against oxidative stress;

Fig. 6 A PI fluorescent staining of rat liver tissue 2 h after
reperfusion. Fewer PI positive-staining cells were detected in the
SnPP treated group (b) than in the vehicle control (a) and SnPP +
CHX groups (c¢). In the fresh control group, PI positive-staining
cells were not detected (fresh). Original magnification: x400. B PI-
positive cells in five different fields in each group. Concomitant with
A, PI positive-staining cells in the SnPP-treated group indicated
excellent cellular viability when compared with those in the control
and SnPP + CHX-treated groups (**P <0.001)
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Table 1 Two-week survival rate in rats

Group n Survival rate (%)
I 18 4/18 (22.2)

Il 10 9/10 (90.0)*

11 10 1/10 (10.0)

v 6 6/6 (100)

#p <0.01 vs groups I and Il

HO-1 converts heme molecules into bilirubin, carbon
monoxide, and free iron [1, 9]. Bilirubin is a known po-
tent antioxidant [33]. Carbon monoxide is an important
vaso-relaxing factor of hepatic sinusoidal tone via the
guanylyl cyclase activating pathway [25]. Paradoxically,
these heme-degraded end products are toxic if generated
in excess; in addition, the release of free iron gives rise to
hydroxyl radicals through the Fenton reaction [21].
Therefore, the role of HO-1-mediated end products is
probably dependent on the experimental design. A recent
study with the use of a HO-1-deficient cell model dem-
onstrated that HO-1 is necessary to protect cells from
oxidative stress, but none of the products of HO activity
directly accounts for the protective effects of HO-1 [9].
The present study suggests that the graft viability in-
creased by SnPP pre-conditioning is highly linked to the
increased HO-1 protein synthesis and is not always as-
sociated with either intensity of HO activity or level of
HO-1 mRNA expression. This protective effect may be
involved in a mechanism other than the bilirubin-gener-
ating system or carbon monoxide—guanylyl cyclase
pathway. Indeed, Serfass and Burstyn reported the
evocative finding about the cytoprotective effect of SnPP
[29]: soluble guanylyl cyclase is known as a major target
for nitric oxide and carbon monoxide; interestingly SnPP
may stimulate soluble guanylyl cyclase activity indepen-
dently of the heme-HO-1 system.

HO-1 expression has been reported to be essential to
induce long-term allo-graft or xeno-graft survival
through the inactivation of endothelial cells [31], fol-
lowed by the evidence that over-expression of HO-1 in
cultured human umbilical-vein endothelial cells inhibit-
ed tumor necrosis factor-a or lipopolysaccharide-stim-
ulated upregulation of adhesion molecules such as E-
selectin and vascular cell adhesion molecule-1 (VCAM-
1) [32]. Although the underlying mechanism is still un-
clear, we also noted a functional link between increased
expression of HO-1 protein and attenuation of ICAM-1
positive endothelial cells following reperfusion. A steady
level of HO-1 mRINA expression lacking in the protein
synthesis seen in the CHX-pretreated group was not
enough to keep graft viability, suggesting that the pro-
tective effect of HO-1 could be regulated at a post-
transcriptional level.

One important question concerns the molecular
mechanisms by which amounts of HO-1 mRNA and en-

zyme protein strongly increase in liver tissues following
SnPP administration. A previous study showed that the
regulation of HO-1 might be associated with the presence
of sequences necessary for binding to regulatory factors
such as metal response elements in the HO-1 gene pro-
moter region [22]: the induction of HO-1 is likely to occur
at both transcriptional and translational levels by the ex-
istence of a metal-ion component of SnPP [2]; since SnPP
is regarded as a free-radical generator, it may possibly
induce HO-1 expression by generating free radicals [36].

Another important question concerns the mechanisms
by which the amount of HO-1 protein augmented in liver
tissue downregulates the expression of adhesion mole-
cules such as ICAM-1. An antioxidant pyrrolidine di-
thiocarbamate, which is currently being advocated as a
treatment to retard the onset of acquired immune defi-
ciency syndrome and for limiting neutrophil-mediated
oxidant injury, not only stimulates HO-1 gene expression
via the activation of transcription factor, activated pro-
tein-1, but also inhibits the activation of nuclear factor
kappa B, which is an important transcription factor of
pro-inflammatory cytokines and adhesion molecules [12,
18]. Inducible HO-1, highly expressed in Kupffer-like
dendritic cells by SnPP administration, may be regulated
by a similar mechanism. Although carbon monoxide
may modulate the expression of cytokines [24], it is un-
likely that a potential cytoprotection by SnPP pre-con-
ditioning may be involved in carbon monoxide-induced
anti-inflammatory response. In addition, the role of
SnPP-induced HO-1 expression in hepatic I/R injury
may also be attributable to the inactivation of these pro-
inflammatory factors via increased production of nitric
oxide, which may inhibit inflammatory response [3, 37].

Further experiments will be needed to clarify a close
relationship between increased protein synthesis of HO-
1 and reduced expression of pro-inflammatory adhesion
molecule.

In summary, the present study demonstrates that the
improved viability of liver grafts by SnPP pre-condi-
tioning could be associated with increased synthesis of
HO-1 enzyme protein independently of HO-1 mRNA
expression and HO enzyme activity, suggesting an al-
ternative protective mechanism other than the heme-
degrading pathway; liver cells highly expressing HO-1
positive deposits correlate to those expressing reduced
levels of ICAM-1, which was enhanced during the pe-
riods of reperfusion. Less-toxic SnPP may be potentially
applicable to the pharmacological treatment in a path-
ological situation where excess heme or iron accumula-
tion is considered to be harmful, for example I/R injury.

Acknowledgements The authors are very grateful to Drs. Makoto
Suematsu and Nobuya Makino of Keio University for their ex-
cellent suggestions. We also thank Dr. Andrew H. Lichtman, De-
partment of Pathology, Brigham and Women’s Hospital, Boston,
Mass., USA for correcting this manuscript.



403

References

. Abraham NG, Lin JH, Schwaetzman

ML, Levere RD, Shibahara S (1988)
The physiological significance of heme
oxygenase. Int J Biochem 20:543-558

. Alam J (1994) Multiple elements within

the 5 distal enhancer of the mouse
heme oxygenase-1 gene mediate induc-
tion by heavy metals. J Biol Chem
269:25049-25056

. Amersi FA, Buelow R, Kato H, Ke B,

Coito AJ, Shen XD, Zhao D, Zaky J,
Melinek J, Lassman CR, Kolls JK,
Alam J, Ritter T, Volk HD, Farmer
DG, Ghobrial RM, Busuttil RW,
Kupiec-Weglinski JW (1999) Upregula-
tion of heme oxygenase-1 protects ge-
netically fat Zucker rat livers from
ischemia/reperfusion injury. J Clin In-
vest 104:1631-1639

. Anderson KE, Simionatto CS,

Drummond GS, Kappas A (1984) Tis-
sue distribution and discussion of
tin-protoporphyrin, a potent competi-
tive inhibitor of heme oxygenase. J
Pharmacol Exp Ther 228:327-333

. Bauer I, Wanner GA, Rensing H, Alte

C, Miescher EA, Wolf B, Pannen BH,

Clemens MG, Bauer M (1998) Expres-
sion pattern of heme oxygenase 1 and 2
in normal and stress-exposed rat liver.

Hepatology 27:829-838

. Bella G, Verceliotti GM, Muller-Eber-

hard U, Eaton J, Jacob HS (1991) Ex-
posure of endothelial cells to free heme
potentiates damage mediated by gran-

ulocytes and toxic oxygen species. Lab
Invest 64:648-655

. Berglund L, Angelin B, Blomstrand R,

Drummond GS, Kappas A (1988) Sn-
protoporphyrin lowers serum bilirubin
levels, decreases biliary bilirubin out-
put, enhances biliary heme excretion
and potently inhibits hepatic heme
oxygenase activity in normal human
subjects. Hepatology 8:625-631

. DeBruyne LA, Magee JC, Buelow R,

Bromberg JS (2000) Gene transfer of
immunomodulatory peptides correlates
with heme oxygenase-1 induction and
enhanced allograft survival. Transplan-
tation 69:120-128

. Ferris CD, Jaffrey SR, Sawa A, Takah-

ashi M, Brady SD, Barrow RK, Tysoe

SA, Wolosker H, Baranaro DE, Dore S,
Poss KD, Synder SH (1999) Haem oxy-
genase-1 prevents cell death by regulat-
ing cellular iron. Nat Cell Biol 1:152-157

. Fukuchi K, Watanabe H, Tomoyasu S,

Ichimura S, Tatsumi K, Gomi K (2000)
Phosphatidylinositol 3-kinase inhibi-
tors, Wortmannin or LY294002, inhib-
ited accumulation of p21 protein after
y-irradiation by stabilization of the
protein. Biochim Biophys Acta
14608:1-14

11.

13.

14.

1s.

16.

17.

18.

19.

20.

21

Goda N, Suzuki K, Naito M, Takeoka
S, Tsuchida E, Ishimura Y, Tamatani T,
Suematsu M (1998) Distribution of
heme oxygenase isoforms in rat liver.

J Clin Invest 101:604-612

. Hartsfield CL, Alam J, Choi AMK

(1998) Transcriptional regulation of the
heme oxygenase 1 gene by pyrrolidine
dithiocarbamate. FASEB J 12:1675-
1682

Kamada N, Calne RY (1979) Ortho-
topic liver transplantation in the
rat—technique using cuff for portal vein
anastomosis and biliary drainage.
Transplantation 28:47-50

Kato H, Amersi F, Buclow R, Melinek
J, Coito AJ, Ke B, Busuttil RW,
Kupiec-Weglinski JW (2001) Heme
oxygenase-1 overexpression protects rat
livers from ischemia/reperfusion injury
with extended cold preservation. Am J
Transplant 1:121-128

Katori M, Tamaki T, Takahashi T,
Tanaka M, Kawamura A, Kakita A
(2000) Prior induction of heat shock
proteins by a nitric oxide donor atten-
uates cardiac ischemia/reperfusion in-
jury in the rat. Transplantation
69:2530-2537

Kawasaki ES, Clark SS, Coyne MY,
Smith SD, Champlin R, Witte ON,
McCormick FP (1988) Diagnosis of
chronic myeloid and acute lymphocytic
leukemias by detection of leukemia-
specific mRNA sequences amplified in
vitro. Proc Natl Acad Sci U S A
85:5698-5702

Kume M, Yamamoto Y, Saad S, Gomi
T, Kimoto S, Shimabukuro T, Yagi T,
Nakagami M, Takada Y, Morimoto T,
Yamaoka Y (1996) Ischemic precon-
ditioning of the liver in rats: implica-
tions of heat shock protein induction to
increase tolerance of ischemia-reper-
fusion injury. J Lab Clin Med
128:251-258

Lockyer JM, Colladay JS, Alperin-Lea
WL, Hammond T, Buda AJ (1998)
Inhibition of nuclear factor-kB-medi-
ated adhesion molecule expression in
human endothelial cells. Circ Res
82:314-320

Maines MD (1997) The heme oxygenase
system: a regulator of second messenger
gases. Annu Rev Pharmacol Toxicol
37:517-554

Marber MS, Latchman DS, Walker JM,
Yallon DM (1993) Cardiac stress
protein elevation 24 hours after brief
ischemia or heat stress is associated with
resistance to myocardial infarction.
Circulation 88:1264-1272

McCord JM (1998) Iron, free radicals,
and oxidative injury. Semin Hematol
35:5-12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Miiller RM, Taguchi H, Shibahara $
(1987) Nucleotide sequence and orga-
nization of the rat heme oxygenase
gene. J Biol Chem 262:6795-6802
Okubo S, Xi L, Bernardo NL, Yoshida
K, Kukreja RC (1999) Myocardial
preconditioning: basic concepts and
potential mechanisms. Mol Cell
Biochem 196:3-12

Otterbein LE, Bach FH, Alam J, Soares
M, Lu HT, Wysk M, Davis RJ, Flavell
RA, Choi AMK (2000) Carbon mon-
oxide has anti-inflammatory effects
involving the mitogen-activated protein
kinase pathway. Nat Med 6:422-428
Pannen BHJ, Kohler N, Hole B, Bauer
M, Clemens MG, Geiger KK (1998)
Protective role of endogenous carbon
monoxide in hepatic microcirculatory
dysfunction after hemorrhagic shock in
rats. J Clin Invest 102:1220-1228
Peralta C, Hotter G, Closa D, Prats N,
Xaus C, Gelpi E, Rosello-Catafau J
(1999) The protective role of adenosine
in inducing nitric oxide synthesis in rat
liver ischemia preconditioning is medi-
ated by activation of adenosine A2
receptors. Hepatology 29:126-132

Raju VS, Maines MD (1994) Coordi-
nated expression and mechanism of
induction of HSP32 (heme oxygenase-1)
mRNA by hyperthermia in rat organs.
Biochim Biophys Acta 1217:273-280
Sardana MK, Kappas A (1987) Dual
control mechanism for heme oxygenase:
tin (IV)-protoporphyrin potently inhib-
its enzyme activity while markedly
increasing content of enzyme protein
in liver. Proc Natl Acad Sci U S A
84:2464-2468

Serfass L, Burstyn JN (1998) Effect of
heme oxygenase inhibitors on soluble
guanylyl cyclase activity. Arch Biochem
Biophys 359:8-16

Shimizu H, Takahashi T, Suzuki T,
Yamasaki A, Fujiwara T, Odaka Y,
Hirakawa M, Fujita H, Akagi R (2000)
Protective effect of heme oxygenase in-
duction in ischemic acute renal failure.
Crit Care Med 28:809-817

Soares MP, Lin Y, Csizmadia E, Taki-
gami K, Sato K, Grey ST, Colvin RB,
Choi AMK, Poss KD, Bach FH (1998)
Expression of heme oxygenase-1 can
determine cardiac xenograft survival.
Nat Med 4:1073-1077

Soares MP, Anrather J, Otterbein L,
Brouard S, Choi AMK, Bach FH (2000)
Heme oxygenase-1 selectively inhibits
the expression of pro-inflammatory
genes associated with endothelial cell
activation. Abstract of XVIII Interna-
tional Congress of the Transplantation
Society (Rome), p 164



404

33.

34,

Stocker R, Yamamoto Y, McDonagh
AF, Glazer AN, Ames BN (1987) Bili-
rubin is an antioxidant of possible
physiological importance. Science
27:1043-1046

Terajima H, Enders G, Thiaener A,
Hammer C, Kondo T, Thiery J,
Yamamoto Y, Yamaoka Y, Messmer K
(2000) Impact of hyperthermic precon-
ditioning on postischemic hepatic mi-
crocirculatory disturbances in an
isolated perfusion model of the rat liver.
Hepatology 31:407415

35.

36.

37.

Uchida Y, Tamaki T, Tanaka M, Kaizu
T, Takahashi Y, Kawamura A, Kakita
A (2000) A functional link between a
specific stress response and increased
resistance of liver graft to reperfusion
injury. Abstract of XVIII International
Congress of the Transplantation Society
(Rome), p 303

Vremann HJ, Cipkala DA, Stevenson
DK (1996) Characterization of por-
phyrin heme oxygenase inhibitors. Can
J Physiol Pharmacol 74:278-285

Woo J, Iyer S, Cornejo MC, Mori N,
Gao L, Sipos I, Maines M, Buelow R
(1998) Stress protein-induced immuno-
suppression: inhibition of cellular
immune effector functions following
overexpression of haem oxygenase
(HSP32). Transpl Immunol 6:84-93

38.

39.

40.

Yin DP, Sankary HN, Chong AS, Ma
LL, Shen J, Foster P, Williams JW
(1998) Protective effect of ischemic
preconditioning on liver preservation-
reperfusion injury in rats. Transplanta-
tion 66:152-157

Yoshida T, Kikuchi G (1978) Reaction
of the microsomal heme oxygenase with
cobaltic protoporphyrin IX, an ex-
tremely poor substrate. J Biol Chem
253:8479-8482

Zager RA, Burkhart KM, Conrad DS,
Gmur DJ (1995) Iron, heme oxygenase,
and glutathione: effects on myohemo-
globinuric proximal tubular injury.
Kidney Int 48:1624-1634





