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We examined the effects of upregulation of heme oxygenase-1 (HO-1) in steatotic rat liver models of
ex vivo cold ischemia/reperfusion (I/R) injury. In the model of ischemia/isolated perfusion, treat-
ment of genetically obese Zucker rats with the HO-1 inducer cobalt protoporphyrin (CoPP) or with
adenoviral HO-1 (Ad-HO-1) significantly improved portal venous blood flow, increased bile pro-
duction, and decreased hepatocyte injury. Unlike in untreated rats or those pretreated with the HO-
1 inhibitor zinc protoporphyrin (ZnPP), upregulation of HO-1 by Western blots correlated with ame-
lioration of histologic features of I/R injury. Adjunctive infusion of ZnPP abrogated the beneficial
effects of Ad-HO-1 gene transfer, documenting the direct involvement of HO-1 in protection against
I/R injury. Following cold ischemia/isotransplantation, HO-1 overexpression extended animal sur-

vival from 40% in untreated controls to about 80% after CoPP or Ad-HO-1 therapy. This effect corre-

lated with preserved hepatic architecture, improved liver function, and depressed infiltration by T
cells and macrophages. Hence, CoPP- or gene therapy-induced HO-1 prevented I/R injury in steatot-
ic ratlivers. These findings provide the rationale for refined new treatments that should increase the

supply of usable donor livers and ultimately improve the overall success of liver transplantation.

J. Clin. Invest. 104:1631-1639 (1999).

Introduction

Orthotopic liver transplantation (OLT) is an effective
therapeutic modality for end-stage liver disease.
Advances in surgical technique, patient management,
and immunosuppression have improved patient sur-
vival after OLT, resulting in expansion of the list of
indications for the procedure. However, a serious prob-
lem limiting OLT is the widening disparity between the
increasing number of potential recipients who vie for a
constant donor supply. This demand has renewed
interest in the use of marginal livers to expand the
number of available donors. The prevalence of fatty
infiltration in the liver ranges from 6 to 26% based on
autopsy studies and donor liver biopsies (1, 2). Indeed,
steatotic donor livers are frequently discarded because
of the fear of primary nonfunction, as compared with
normal livers, further accentuating the critical short-
age of human donor livers (3, 4). Because 10-30% of
potential liver recipients on transplant waiting lists die

without being transplanted, considerable effort has
been made to identify methods that would allow suc-
cessful use of steatotic grafts.

Ischemia/reperfusion (I/R) injury, an antigen-inde-
pendent event, often leads to primary nonfunction or
early dysfunction of steatotic liver grafts. Moreover,
ischemia of more than 12 hours strongly correlates not
only with primary nonfunction after OLT, but also with
biopsy-proven centrilobular necrosis and a higher inci-
dence of both acute and chronic rejection (5). The
mechanism of liver injury following I/R involves a com-
plex interaction of events, which include neutrophil
activation, increased expression of adhesion molecules,
Kupffer cell activation, cytokine release, sinusoidal
endothelial cell death, and hepatocyte injury (6, 7).
Hepatocytes are more susceptible to ischemic injury
with damage to proteins, lipids, and DNA, altered reg-
ulation of signal transduction, and release of growth
factors (8). The exact mechanism that leads to the ulti-
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mate decline in liver function and eventual organ fail-
ure remains elusive, but data suggest that the oxidative
stress of I/R plays a major role (9). The consequences of
oxidative stress include lipid peroxidation, as well as
damage to proteins and nucleic acids. Because of the
nature of liver disease, transplant patients may be fur-
ther disadvantaged by starting from a baseline deletion
of normal antioxidative mechanisms. Normal cellular
antioxidant systems involve a delicate balance of sever-
al enzymes and proteins that are increasingly recognized
as critical regulators of cell function and viability (10).

Heme oxygenases (HO) are the rate-limiting enzymes
that catalyze the conversion of heme into biliverdin,
carbon monoxide (CO), and free iron (11). They consist
of 3 isoforms, the inducible HO-1, also known as heat
shock protein 32 (hsp32), the constitutive HO-2, and
the not fully defined HO-3. HO-1 activity is upregulat-
ed following various stimuli and is considered one of
the most sensitive indicators of cellular stress. Inter-
estingly, HO-1 levels may also increase in animals after
administration of HO inhibitors, perhaps because of
the accumulation of intracellular heme upon inhibi-
tion of HO (12). In analogy with heat-shock regulation,
upregulation of HO-1 may be an adaptive mechanism
protecting cells from stress, in particular hyperoxia,
ischemia, or inflammation.

In transplantation models increased expression of
HO-1 was associated with long-term acceptance of car-
diac xenografts, whereas donor hearts from HO-1-defi-
cient donors were vigorously rejected (13). In our own
studies, pretreatment of mice with cobalt protopor-
phyrin (CoPP), a known HO-1 inducer, prolonged car-
diac allograft survival (14), whereas exogenous HO-1
overexpression prevented the development of cardiac
transplant arteriosclerosis and interstitial fibrosis char-
acteristic of chronic rejection (15). Moreover, a recent
study demonstrated that induction of HO-1 was neu-
roprotective and attenuated cellular injury caused by
ischemic stroke (16). Hence, pharmacological stimula-
tion of HO-1 activity may represent a novel therapeu-
tic approach in the amelioration of ischemic injury
during the acute period of stroke.

This study was designed to determine the role of HO-
1 expression in well-defined steatotic rat liver models
of ex vivo cold ischemia followed by perfusion or syn-
geneic OLT. To our knowledge, we have demonstrated
for the first time that overexpression of HO-1 after pre-
treatment with CoPP or gene therapy with a recombi-
nant adenovirus encoding rat HO-1 cDNA (Ad-HO-1)
can prevent severe I/R insult suffered by steatotic livers.

Methods

Animals. Genetically obese (fa/fa) male Zucker rats
(220-275 g) and lean (fa/-) Zucker rats (250-300 g)
were used (Harlan Sprague Dawley Inc., Indianapolis,
Indiana, USA). Animals were fed standard rodent
chow and water ad libitum and cared for according to
guidelines approved by the American Association of
Laboratory Animal Care.

Synthetic metalloporphyrins. Metalloporphyrins (CoPP
and ZnPP) were purchased from Porphyrin Products
Inc. (Logan, Utah, USA). They were dissolved in 0.2 M
NaOH, subsequently adjusted to a pH of 7.4, and dilut-
ed in 0.85% NaCl. The stock concentration of metallo-
porphyrins was 1 mg/mL.

Ad-HO-1 construct. A 1.0-kbp XhoI-Hindlll fragment
from the rat HO-1 cDNA clone pRHO-1 (17), con-
taining the entire coding region was cloned into plas-
mid pAC-CMVpLpA (18, 19). Ad-HO-1 was generated
by homologous recombination in 911 cells (20) after
cotransfection with the pAC-HO-1 plasmid and plas-
mid pJM17 (21). The recombinant Ad-HO-1 clones
were screened by Southern blot analysis. Ad contain-
ing the Escherichia coli 3-galactosidase gene (Ad-BGal)
has been described (22).

Ex vivo cold ischemia model. Genetically obese Zucker rats
underwent ether anesthesia and systemic heparinization.
After skeletonization of the liver, the portal vein, bile
duct, and inferior vena cava were cannulated, and the
liver was flushed with 10 mL of University of Wisconsin
(UW) solution. Control livers from untreated obese
Zucker rats were stored for 6 hours at 4°C in UW solu-
tion (n = 6). There were 4 treatment groups. Group 1
animals received CoPP, the HO-1 inducer (5 mg/kg
intraperitoneally) 24 hours before liver harvest (n = 6).
Group 2 rats were infused with Ad-HO-1 or Ad-B Gal
(2.4 x 10° plaque-forming units [pfu] intraperitoneally)
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The beneficial effects upon hepatocyte injury and liver
function were abrogated after adjunctive infusion of
zinc protoporphyrin (ZnPP), the HO-1 antagonist,
which implicates a direct involvement of HO-1 in the
protection against I/R injury. Our present findings
raise the possibility of refined new treatment regimens,
which, in turn, may increase the OLT donor pool
through modulation of marginal livers and ultimately
improve the overall success of liver transplantation.

Figure 1

HO-1-inducing agents decrease resistance to portal vein blood flow.
Livers harvested from obese Zucker rats were perfused for 2 hours on
the isolated perfusion rat liver apparatus after 6 hours of cold ischemia.
Pretreatment with CoPP or Ad-HO-1 gene transfer (day -1) significantly
improved portal venous blood flow compared with untreated, ZnPP, or
Ad-BGal pretreated controls throughout the reperfusion period. These
data represent the mean * SE of 4-10 independent perfusions for each
group. *P=0.0001 versus untreated/ZnPP-treated controls.
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Figure 2

Bile production in fatty livers perfused for 2 hours on the isolated
perfusion rat liver apparatus after 6 hours of cold ischemia. Animals
were pretreated with metalloporphyrins, or with Ad-HO-1 gene
transfer, or left untreated. Bile production at 30-minute intervals
throughout the reperfusion period was significantly higher in the
CoPP/Ad-HO-1 groups (*P < 0.05) as compared with untreated,
ZnPP-, or Ad-BGal-pretreated controls. These data represent the
mean * SE of 4-10 independent perfusions for each group. *P < 0.05
versus untreated/ZnPP-treated controls.

24 to 48 hours before the procurement (n = 4-10). Group
3 donors were treated with Ad-HO-1 (2.4 x 10° pfu intra-
venously) at day -2, followed 1 day later by infusion of
ZnPP (20 mg/kg intraperitoneally), the HO-1 inhibitor
(n = 4). Group 4 rats received ZnPP alone (20 mg/kg
intraperitoneally) at 24 hours before harvest (n = 4). All
livers were procured at day 0, stored for 6 hours at 4°C
in UW solution, and then perfused on an isolated perfu-
sion rat liver apparatus, as described (6). The Zucker liv-
ers were perfused ex vivo for 2 hours while temperature,
pH, and inflow pressure were kept constant. Portal vein
blood flow and pressure were recorded every 15 minutes,
whereas bile output was monitored every 30 minutes.
Portal vein blood flow was adjusted to maintain portal
pressures of 13 to 18 cmH,0. Blood was collected at 30-
minute intervals and serum glutamic-oxaloacetic trans-
aminase (sGOT) levels were measured using an autoan-
alyzer from ANTECH Diagnostics (Irvine, California,
USA). Following 2 hours of perfusion, a portion of the
liver was snap-frozen for mRINA extraction and Western
blot analysis of HO-1 expression; the remaining tissue
samples were fixed in formalin for hematoxylin and
eosin (H&E) staining.

Syngeneic OLT model. Syngeneic liver transplants were
performed using fatty livers that were harvested from
obese Zucker rats and stored for 4 hours at 4°C in UW
solution before being transplanted into lean Zucker
recipients. OLTs were performed with revascularization
without hepatic artery reconstruction (23). There were 2
treatment groups. In the first group, obese Zucker rats (»
=10) received CoPP (5 mg/kg intraperitoneally) 24 hours
before the procurement. Group 2 donors (n = 11) were

treated with Ad-HO-1 (2.4 x 10° pfu intravenously) 24
hours before harvest. OLT recipients were followed for
survival and sGOT levels. Separate groups of rats (n =
2/group) were sacrificed at 1, 7, 14, and 100 days after
OLT, and liver samples were collected for H&E/immuno-
histology staining and Western blot analysis.

Histology and immunobistochemistry. Liver specimens
were fixed in a 10% buffered formalin solution and em-
bedded in paraffin. Sections were made at 4 um and
stained with H&E. The histologic severity of I/R injury
in the ex vivo perfusion model was graded using Inter-
national Banff Criteria (24). Using these criteria, lobular
disarray and ballooning changes are graded from 1 to 4,
where no change is given a score of 1 and severe disarray
or ballooning changes is given a score of 4. The previ-
ously published Suzuki’s criteria (25) were modified to
evaluate the histologic severity of I/R injury in the OLT
model. In this classification sinusoidal congestion, hepa-
tocyte necrosis, and ballooning degeneration are graded
from 0 to 4. No necrosis, congestion or centrilobular bal-
looning is given a score of 0, whereas severe congestion
and ballooning degeneration as well as greater than 60%
lobular necrosis is given a value of 4.

OLTs were examined serially by immunohistochem-
istry for mononuclear cell (MNC) infiltration (26, 27).
Briefly, liver tissue was embedded in Tissue Tek OCT
compound (Miles Inc., Elkhart, Indiana, USA), snap
frozen in liquid nitrogen, and stored at -70° C. Cryostat
sections (5 m) were fixed in acetone, and then endoge-
nous peroxidase activity was inhibited with 0.3% H,O,
in PBS. Normal heat-inactivated donkey serum (10%)
was used for blocking. Appropriate primary mouse Ab
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Figure 3

Effects of I/R injury on sGOT release from fatty livers cold stored for 6
hours followed by 2 hours of exvivo perfusion. Levels (IU/L) were meas-
ured in blood samples taken at 30-minute intervals during the perfu-
sion. Levels of sGOT were significantly lower at 30, 60, and 90 minutes
during the perfusion of livers pretreated with CoPP or Ad-HO-1 as com-
pared with untreated controls or those pretreated with ZnPP or Ad-
BGal. These data represent the mean * SE of 4-10 measurements for
each group. *P < 0.05 versus untreated/ZnPP-treated control.
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Figure 4

Photomicrographs of representative rat fatty livers
after 6 hours of cold ischemia and 2 hours of reper-
fusion on the isolated perfusion rat liver apparatus.
(a) Control untreated group with severe lobular dis-
tortion, zone 3 ballooning, and hepatocyte necrosis
(Banff’s score = 3.0 + 0.63); (b) ZnPP-pretreated
group with marked sinusoidal and vascular conges-
tion (arrow) and profound zone 3 ballooning change
(score = 2.86 + 0.12); (c) CoPP-pretreated and (d)
Ad-HO-1-pretreated groups with minimal vacuolar
degeneration and almost complete preservation of
lobular architecture (scores = 1.21 £ 0.39 and 1.68
+0.51, respectively); (e) Ad-HO-1 plus ZnPP-treat-
ed group, similar to untreated controls, with pro-
found zone 3 ballooning change accompanied by
confluent hepatocyte necrosis (arrow; score = 2.74
+ 0.26); (f) Ad-BGal-pretreated group, similar to
untreated controls, showing profound zone 3 bal-
looning change accompanied by severe vascular con-
gestion and confluent hepatocyte necrosis (arrow;
score = 3.0 £ 1.41). X100, H&E stain; n = 2-3/group.
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against rat T cells (R73) and monocytes/macrophages
(ED1) (Harlan Bioproducts for Science, Indianapolis,
Indiana, USA) were added at optimal dilutions. Bound
primary Ab was detected using biotinylated donkey
anti-mouse IgG and streptavidin peroxidase-conjugat-
ed complexes (DAKO Corp., Carpinteria, California,
USA). The control sections were performed by replacing
the primary Ab with either dilution buffer or normal
mouse serum. The peroxidase reaction was developed
with 3,3-diaminobenzidine tetrahydrochloride (Sigma
Chemical Co., St. Louis, Missouri, USA). The sections
were evaluated blindly by counting the labeled cells in
triplicates in 10 high-power fields.

Western blots. Protein was extracted from liver tissue
samples with PBSTDS buffer (50 mM Tris, 150 mM
NacCl, 0.1% SDS, 1% sodium deoxycholate, and 1% tri-
ton X-100, pH 7.2). Proteins (30 pg/sample) in SDS-
loading buffer (50 mM Tris, pH 7.6, 10% glycerol, 1%
SDS) were subjected to 12% SDS-PAGE and trans-
ferred to nitrocellulose membrane (Bio-Rad Labora-
tories Inc., Hercules, California, USA). The gel was
then stained with Coomassie blue to document equal
protein loading. The membrane was blocked with 3%
dry milk and 0.1% Tween-20 (Amersham, Arlington
Heights, Illinois, USA) in PBS and incubated with rab-
bit anti-rat HO-1 polyclonal Ab (Sangstat Corp., San
Francisco, California, USA). The filters were washed
and then incubated with horseradish peroxidase don-
key anti-rabbit Ab (Amersham Life Sciences, Arling-
ton Heights, Illinois, USA). Relative quantities of HO-
1 protein were determined using a densitometer
(Kodak Digital Science 1D Analysis Software, Ro-
chester, New York, USA).

Statistics. Results are expressed as mean + SEM. Sta-
tistical comparisons between the groups in the ex-vivo
perfusion model were performed using repeated meas-
ure ANOVA. We used the Tukey-Fisher least-significant
difference (LSD) criterion for judging statistical signif-
icance where P values of less than 0.05 were considered
statistically significant.

Results
The effects of HO-1-inducing agents in the ex vivo steatotic rat
liver cold ischemia model followed by reperfusion. To test our
hypothesis that overexpression of HO-1 decreases I/R-
mediated hepatocyte injury, we monitored portal vein
blood flow, bile production, and sGOT levels in livers
from obese Zucker rats that were either untreated or pre-
treated with HO-1-inducing agents and then perfused
for 2 hours on the isolated perfusion rat liver apparatus.
Pretreatment of Zucker rats with synthetic metallo-
porphyrin CoPP or Ad-HO-1 gene transfer exerted
equally protective effects against liver I/R injury (Fig-
ure 1). Both modalities significantly improved portal
blood flow throughout the 2-hour reperfusion period,
as compared with untreated controls (P = 0.0001). In
addition, as shown in Figure 2, both CoPP and Ad-
HO-1 significantly increased bile production (P <
0.05), as compared with controls. The I/R-induced
hepatocyte injury measured by sGOT release was also
markedly reduced in the CoPP/Ad-HO-1 treatment
groups as compared with controls (Figure 3). For
instance, at 60 minutes of reperfusion, sGOT concen-
trations were 53.3 £ 8.23 IU/L and 68.8 + 10.1 IU/L in
the CoPP and Ad-HO-1 groups, respectively, versus
102 + 8.23 IU/L in untreated controls (P < 0.02). In
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contrast, Ad-3 Gal gene transfer did not affect the
extent of I/R insult suffered otherwise by steatotic rat
livers (Figures 1-3; n = 4).

ZnPP abrogates the beneficial effects of HO-1 upon hepatic
I/R injury. To determine if the amelioration of hepato-
cyte injury in this I/R model was indeed mediated by an
increase in HO-1 activity, prospective liver donors were
pretreated with ZnPP, a potent HO-1 inhibitor. Unlike
in the CoPP group, livers procured from obese Zucker
rats pretreated with ZnPP alone exhibited diminished
portal blood flow (Figure 1) and bile production (Fig-
ure 2), effects that were accompanied by augmented
hepatocyte injury (Figure 3) comparable with otherwise
untreated fatty controls. Interestingly, infusion of ZnPP
abolished Ad-HO-1-mediated protective effects upon
I/R injury in steatotic rat livers. Therefore, portal blood
flow (Figure 1) and bile production (Figure 2) were sig-
nificantly (P < 0.05) decreased, and hepatocyte function
became impaired (Figure 3) after adjunctive ZnPP treat-
ment, as compared with Ad-HO-1 monotherapy.

Liver histology in the ex vivo cold ischemia model followed by
reperfusion. The I/R-induced hepatocyte injury in the ex
vivo model was graded using Banff’s criteria (24). In the
untreated fatty Zucker group, there was severe disrup-
tion of lobular architecture with marked zone 3 bal-
looning change, focally associated with hepatocyte
necrosis (Figure 4a; Banft’s score = 3.0 £ 0.63). The
ZnPP-treated livers showed somewhat less lobular bal-
looning changes, but more sinusoidal and vascular con-
gestion (Figure 4b; score = 2.86 * 0.12). In marked con-
trast, CoPP-treated livers showed complete preservation
of the lobular architecture with no signs of hepatocyte
necrosis (Figure 4¢; score = 1.21 +0.39). Similarly, livers
transduced with Ad-HO-1 revealed focal areas of mild
vacuolar degeneration with minimal hepatocyte necro-
sis (Figure 4d; score = 1.68 * 0.51). However, livers pro-
cured from animals treated with Ad-HO-1 plus ZnPP
were characterized by severe disruption of the lobular
architecture, similar to the control untreated group,
with profound zone 3 ballooning change accompanied
by confluent areas of hepatocyte necrosis (Figure 4e;
score = 2.74 * 0.26). Livers treated with Ad-B Gal
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Figure 5

Western blot analysis of HO-1 protein expression in fatty Zucker liv-
ers stored for 6 hours at 4°C, followed by 2 hours of perfusion on the
isolated perfusion rat liver apparatus. HO-1 expression was detected
by using a polyclonal rabbit anti-rat HO-1 Ab. Lane 1, CoPP treat-
ment; lane 2, Ad-HO-1 gene transfer; lane 3, Ad-HO-1 gene transfer
plus ZnPP treatment; lane 4, ZnPP treatment; lane 5, untreated con-
trol. HO-1 migrates as a 32-kDa protein. The relative HO-1 expres-
sion levels analyzed by densitometer were (in absorbance units): 2.46,
2.12,1.18,0.12, and 0.11 for lanes 1, 2, 3, 4, and 5, respectively.
Results shown are representative of 2-3 independent experiments.
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Figure 6

Prolongation of liver isograft survival. Lean Zucker rats served as recip-
ients of liver transplants from obese Zucker donors. Donor rats were
either pretreated with CoPP or Ad-HO-1 or remained untreated
before liver procurement followed by 4 hours of cold ischemia. Con-
trol animal survival at 14 days was 40% versus 80% and 81.8% in the
CoPP and the Ad-HO-1 group, respectively (n = 10-11 rats/group).

revealed less necrosis compared with the untreated
group, but had severe architectural disruption and vas-
cular congestion (Figure 4f; score = 3.0 + 1.41).

Western analysis of HO-1 expression in the ex vivo 1/R
injury model. We used Western analysis to evaluate HO-
1 expression in liver samples following cold ischemia
at the completion of 2-hour perfusion period. The rel-
ative expression levels of HO-1 protein in absorbance
units (AU) were analyzed by densitometer. As shown in
Figure 5, preservation of hepatic function after CoPP
pretreatment or Ad-HO-1 gene transfer was accompa-
nied by enhanced HO-1 expression (2.46 and 2.12 AU,
respectively). In contrast, HO-1 was diminished after
adjunctive ZnPP infusion (1.18 AU) and virtually
undetectable in untreated (0.11 AU) and ZnPP-pre-
treated (0.12 AU) controls.

HO-1 overexpression prolongs OLT survival and improves
hepatic function. We then sought to examine whether
exogenous manipulation of HO-1 expression could also
confer protection against I/R injury in the in vivo set-
ting. Hence, we performed OLTs using steatotic Zucker
livers that were cold stored for 4 hours before transplant
into syngeneic lean Zucker rats. The treatment groups
received a single dose of CoPP or Ad-HO-1 gene trans-
fer 24 hours before liver procurement. As shown in Fig-
ure 6, recipients of liver isografts that were stored before
transplantation in UW solution alone had a 40% sur-
vival rate at 14 days (4 out of 10). In contrast, recipients
of liver isografts pretreated with CoPP showed 80% sur-
vival rate (8 out of 10). Livers pretreated with Ad-HO-1
had 81.8% survival rate at 2 weeks (9 out of 11). Indeed,
8 out of 10 lean Zucker rats engrafted with livers from
CoPP-treated obese Zucker donors are still alive at well
over 100 days after transplant. Prolonged survival after
CoPP or Ad-HO-1 pretreatment correlated with
improved OLT function as evidenced by sGOT levels.
Hence, at day 1, 7, and 14 posttransplant sGOT levels
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Figure 7

Photomicrographs of representative liver isografts transplanted from obese Zucker donors into lean Zucker recipients and harvested at day
1. (a) Untreated group with significant edema and pallor around periportal hepatocytes and severe disruption of lobular architecture with
zone 3 necrosis (arrow; Suzuki score = 3.33 + 0.58); (b) CoPP- and (c) Ad-HO-1-treated groups with minimal pallor, no edema, and com-

plete preservation of lobular architecture (score = 1.33 £ 0.70 and 1.5 + 0.5, respectively). X100, H&E stain; n = 2-3/group.
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(IU/L) in control untreated OLTs of 2695, 1570, and
460, respectively, were significantly higher as compared
with corresponding CoPP-pretreated (1838, 477, and
198, respectively; P < 0.05) or Ad-HO-1-pretreated
(1628, 244, and 137, respectively; P < 0.05) OLTs.

Liver histology and MNC infiltration in the OLT model.
Hepatocyte damage in the OLT model was assessed by
a modified Suzuki’s classification (25). At day 1 after
transplant, control untreated liver isografts showed
severe disruption of lobular architecture by ballooning
change, significant edema around portal areas, and
moderate to severe bile duct proliferation (Figure 7a;
Suzuki score = 3.33 £0.58). In addition, moderate neu-
trophil infiltration and hepatocyte necrosis with
extreme pallor that signifies glycogen depletion in the
damaged hepatocytes, were prominent in this OLT
group. In contrast, CoPP pretreated liver isografts at
day 1 showed less neutrophil infiltration and signifi-
cantly less pallor in addition to complete preservation
of lobular architecture with no evidence of congestion
or necrosis (Figure 7b; score = 1.33 £ 0.70). The Ad-HO-
1-pretreated isografts showed much less neutrophil
infiltration as compared with untreated controls; there
was no sinusoidal congestion or hepatocyte necrosis
and complete preservation of lobular architecture (Fig-
ure 7c; score 1.50 + 0.5). Most histologic features char-
acteristic for ischemic pathology resolved by 14-100
days in those 40% of untreated OLT recipients that sur-
vived 2 weeks (not shown). However, unlike in the
CoPP/Ad-HO-1-pretreated groups, untreated controls
still showed significant bile duct proliferation.

Figure 8 depicts representative staining for T cells (a,
b, e, f) and macrophages (c, d, g, h) in liver isografts at day
1 (a-d) and day 100 (e-h) after transplantation. Liver iso-
grafts from untreated obese Zucker donors showed mas-
sive MNC infiltration as early as at 24 hours (T cells: 9 +
3; monocytes/macrophages: 136 + 31). In contrast, Zuck-
er rats pretreated with CoPP revealed significantly

decreased numbers of intragraft MNC by day 1 (T cells:
2 + 1; monocytes/macrophages 71 + 12; P < 0.03 and P <
0.05, respectively). We found some heterogeneity in long-
term liver grafts harvested at day 100. Thus, about 50%
of untreated grafts showed dense infiltration by T cells
and monocytes/macrophages, followed by severe hepa-
tocellular injury; the remainder were characterized by
moderate MNC infiltration and largely preserved hepa-
tocyte architecture. In contrast, all grafts in the CoPP
group showed good preservation of hepatocyte archi-
tecture and only mild MNC infiltrate.

Western analysis of HO-1 expression in the OLT model.
Finally, we employed Western blots to correlate histo-
logic findings with local HO-1 expression in liver iso-
grafts. The relative expression levels in absorbance
units were analyzed by densitometer. As shown in Fig-
ure 9, improved hepatic function after CoPP treatment
was accompanied by enhanced HO-1 expression at day
1,7,14,and 100 after transplant (lines 1-4, respective-
ly; 1.21-2.14 AU). In contrast, the corresponding liver
isografts from untreated Zucker rats showed little HO-
1 expression (lines 5-8; 0.09-0.85 AU).

Discussion

We report here the results of our studies on the protec-
tive effects of HO-1 against I/R injury in steatotic rat
livers. The principal findings of this work are as follows:
(a) CoPP or gene therapy-induced HO-1 overexpres-
sion prevented I/R insult in ex vivo models of hepatic
cold ischemia followed by reperfusion or syngeneic
OLT; (b) HO-1 overexpression, as documented by West-
ern blot analysis, improved liver function, preserved
hepatocyte integrity, and decreased inflammatory
MNC infiltration, with resultant prolongation of sur-
vival after transplantation; and (c) treatment with
ZnPP, the HO-1 inhibitor, abolished these beneficial
effects, documenting the direct involvement of HO-1
in protection against I/R injury. By demonstrating, for
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the first time to our knowledge, that exogenous HO-1
induction prevents severe I/R insult in fatty livers, our
results provide the rationale for novel therapeutic
approaches to maximize organ use and function
through the safer use of marginal steatotic livers.

To test our hypothesis that stress-induced upregu-
lation of HO-1 reduces I/R insult in steatotic rat liv-
ers, we have chosen 2 distinct HO-1-inducing
approaches. First, donor rats were pretreated with
CoPP (5 mg/kg intraperitoneally), a regimen that

Mo Az GoFF Fi

- -

| - L
' 4 L]
_" i # -
= .—*f . :
-

N % -
- T =
|t - -
%
- £
g, Uy L]

L # %
e o frt, e A
_- H J- - i-r = - H
'. L ' - - ¥ ‘?‘.
l"'_ Fi _-.1-’ 4 —... -.
S Tad ' N
L] e - *“
_':: 1 —_
-II-!r — -
. E % ¥ e
E o 'I"I: i h ¥ . [

Figure 8

Immunohistochemical staining for infiltrating T cells and macrophages
in steatotic rat livers at day 1 and 100 following transplantation into
lean Zucker recipients. Sections of liver isografts from untreated or
CoPP-pretreated obese Zucker donors were stained with primary
mouse mAb against rat T cells (R73) and monocytes/macrophages
(ED1). (a) Control day 1 (T cells); (b) CoPP day 1 (T cells); (c) control
day 1 (macrophages); (d) CoPP day 1 (macrophages); (e) control day
100 (T cells); (f) CoPP day 100 (T cells); (g) control day 100
(macrophages); (h) CoPP day 100 (macrophages). Original X272.

increases HO-1 protein levels in rat livers by 250% in
a rat sandwich ELISA (R. Buelow, unpublished data).
In our present study, a single dose of CoPP induced a
prolonged increase in HO-1 expression that lasted
more than 100 days after OLT. Second, because infu-
sion of CoPP in high doses may modulate other heme
enzymes such as nitric oxide synthase (NOS) and
guanylate cyclase (28, 29), we have also used Ad-based
gene delivery to provide “proof of principle” and to
selectively upregulate HO-1 expression in prospective
liver donors. Indeed, as recently shown in a hyperox-
ia-induced lung injury rat model (30), our Western
blot analysis confirmed increased HO-1 protein
expression in the ex vivo I/R model using Ad-HO-
1-transduced rat steatotic livers.

Ischemia/reperfusion is markedly increased in steatot-
ic livers compared with normal livers, and reactive oxy-
gen species have been shown to contribute, at least in
part, to this event (31). Moreover, the antioxidant
defenses of hepatocytes in steatotic livers are decreased
in comparison with normal livers (32). Exogenous
upregulation of HO-1 in our study prevented or signif-
icantly decreased hepatic injury in 2 clinically relevant
and well-defined ex vivo rat fatty liver models of cold
ischemia followed by reperfusion or syngeneic OLT. The
beneficial effects in the ex-vivo I/R-injury model were
reflected by the ability of exogenously upregulated HO-
1 to improve portal vein blood flow, increase bile pro-
duction, and depress sGOT levels, all well-accepted
parameters of hepatic function (6). Portal blood flow is
mostly affected by resistance in the graft caused by lob-
ular ballooning, hepatocyte swelling, and sinusoidal
congestion. In this ex vivo perfusion model, the im-
proved portal venous blood flow represents less hepa-
tocyte injury and lobular disarray in the liver rather than
the endothelium-dependant vasodilatory effects of car-
bon monoxide. In the in vivo liver isotransplant model,
enhanced HO-1 expression improved animal survival
from 40% in untreated controls to about 80% after
CoPP treatment or local Ad-HO-1 gene delivery, an
ultimate test for the liver function. Collectively, these
results are consistent with the ability of HO-1 to protect
cells from oxidative injury (33-35).

Upregulation of HO-1 inhibits inflammatory re-
sponses (36-38) consistent with our present immuno-
histochemical findings of markedly decreased MNC
infiltration in CoPP-pretreated liver isografts, as com-
pared with untreated controls. Whereas it is still unclear
how HO-1 upregulation influenced graft infiltration,
several possibilities can be envisioned: (a) decreased pro-
duction of cytokines and chemokines by infiltrating cells
may have prevented local cell sequestration at the graft
site; (b) reduced cytokine levels could diminish endothe-
lial cell activation; and (c) HO-1 may have influenced
directly endothelial cell activation. Indeed, in our ongo-
ing real-time RT-PCR studies, markedly diminished
expression of mRNA coding for Th1-type IFN-y/IL-2 as
well as Th2-type IL-10 was readily detectable in HO-1-
overexpressed and functioning liver isografts despite
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Figure 9

Western blot analysis of HO-1 protein expression in fatty livers with or
without CoPP pretreatment. Livers were stored for 4 hours at 4°C,
transplanted into lean Zucker recipients, and then harvested at 1, 7,
14, and 100 days. The expression of HO-1 was detected by a poly-
clonal rabbit anti-rat HO-1 Ab. Lane 1, CoPP day 1; lane 2, CoPP day
7;lane 3, CoPP day 14; lane 4, CoPP day 100; lane 5, untreated day 1;
lane 6, untreated day 7; lane 7, untreated day 14; lane 8, untreated day
100. HO-1 migrates as a 32-kDa protein. The relative HO-1 expression
levels analyzed by densitometer were (in absorbance units): 1.21, 1.27,
1.63, and 2.14 for CoPP-treated livers in lanes 1, 2, 3, and 4, respec-
tively. The HO-1 expression for untreated controls in lanes 5, 6, 7, and
8 were (in absorbance units): 0.09,0.17, 0.85, and 0.75, respectively.
Data shown are representative of 3 independent experiments.

previous I/R injury (F. Amersi, unpublished data). More-
over, consistent with our preliminary findings in the I/R
steatotic OLT model, we have recently shown that CoPP
treatment suppressed both proliferative responses and
elaboration of TNF-a, IFN-y, and IL-10 in a murine car-
diac allograft model (14). CoPP-mediated in vivo effects,
such as HO-1 upregulation, inhibition of T-cell prolifer-
ation, cytokine elaboration, T- and NK-cell cytotoxicity,
and prolongation of allograft survival (14) were all
observed after treatment with an immunomodulatory
MHC Class I-derived peptide (D2702.75-84) (33). Most
recently, we have also shown that a rationally designed
HO-1-inducing immunomodulatory peptide (RDP
1258) inhibited rat renal transplant vasculopathy (36).
Moreover, in agreement with the current report, our
ongoing studies show that CoPP-triggered HO-1 over-
expression in small-bowel donors may decrease preser-
vation/reperfusion injury and improve survival of both
the animal and of the transplanted bowel (39). Clearly,
our present findings support the idea that HO-1 upreg-
ulation does not associate just with exogenous immuno-
suppression, but it may well represent an essential com-
ponent of stress-mediated immunomodulation. To
prove this hypothesis, we are currently generating HO-1
transgenic rats to use as liver donors and/or recipients in
our hepatic I/R injury models.

The results of our experiments in which ZnPP-medi-
ated inhibition of HO-1 negated beneficial effects seen
in vivo after CoPP treatment or Ad-HO-1 gene transfer
endorse the hypothesis that the mechanism behind pro-
tection against hepatic I/R injury involves HO-1 induc-
tion rather than modulation of other biochemical path-
ways that may protect hepatocytes from oxidative
injury. In other studies rat epithelial cells transfected
with HO-1 cDNA exhibited marked increases of HO-1
protein and resistance against hyperoxia, whereas inhi-
bition of HO-1 with tin protoporphyrin (SnPP) ablated
protection against hyperoxia (40). Similarly, in rodent
models of renal failure, elevated HO-1 expression
reduced tissue injury (41, 42). Again, protection could
be reversed by SnPP-induced inhibition of HO-1. In ani-

mal models of inflammatory disease, enhanced HO-1
activity downregulated inflammation, whereas inhibi-
tion of HO exacerbated the inflammatory response (37,
38). In septic shock models, increased HO-1 activity pro-
tected animals from LPS-induced death (43). Consistent
with these observations, HO-1-deficient mice suffer
from progressive chronic inflammatory disease and are
extremely sensitive to stressful injury (44). Similar ob-
servations were made with the first known human case
of HO-1 deficiency (45).

The mechanisms behind HO-1-mediated cytopro-
tection remain unclear. However, all of the end prod-
ucts of heme degradation, including biliverdin, biliru-
bin, and CO, are known to modulate immune effector
functions (46-48). Biliverdin has also been shown to
inhibit hu-man complement in vitro (46). Bilirubin
inhibits human lymphocyte responses, including PHA-
induced proliferation, IL-2 production, and antibody-
dependent and -independent cell-mediated cytotoxici-
ty (44, 45). Moreover, because of the heme protein
nature of NOS, induction of HO-1 is likely to modu-
late nitric oxide (NO) production, an important effec-
tor molecule involved in inflammation and immune
regulation (49). Indeed, HO-1 upregulation correlates
with increased production of NO, which in turn may
inhibit lymphocyte proliferation following CoPP ther-
apy, as in our present studies. On the other hand, NO
is also known to induce HO-1 expression. This effect
may be of significance because CO directly inhibits
NOS activity by binding to the heme moiety of the
NOS enzyme and thus downregulating NO produc-
tion. Like NO, CO contributes to endothelium-
dependent vasodilatation and inhibits platelet aggre-
gation by elevating intracellular cGMP levels (50). The
deleterious effects of hyperoxia are thought to be medi-
ated by reactive oxygen species (ROS). Both biliverdin
and bilirubin are efficient peroxyl radical scavengers
that inhibit lipid peroxidation (51). Bilirubin scavenges
peroxyl radicals as efficiently as 0-tocopherol, which is
regarded as the most potent antioxidant of lipid per-
oxidation. On the other hand, oxygen radicals may trig-
ger cascade of antiapoptotic events, including those
that involve activation of bcl-2 protooncogene. Indeed,
as shown by us (15) and others (13, 16), increased
expression of bcl-2 may represent one of the mecha-
nisms by which increased HO-1 expression may pro-
mote protection against tissue injury. All these factors
point to a complex picture of putative regulatory inter-
actions between the HO system and the host cytokine
network set in motion through the biological activity
of heme degradation products.

In conclusion, CoPP- or gene therapy-induced HO-
1 overexpression protects against severe I/R injury in
steatotic rat liver models of ex vivo cold ischemia fol-
lowed by reperfusion or OLT. To our knowledge, this
is the first report that documents the potential utility
of HO-1 in increasing the donor transplant pool
through modulation of marginal steatotic livers or
conditions of prolonged ischemia. Our findings raise
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the possibility of refined new treatment regimens in
OLT that may ultimately improve the overall success
of liver transplantation.
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