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Abstract

Liver transplantation is considered as the most effec-
tive treatment for end-stage liver disease. However,
serious complications still exist, particularly in two as-
pects: ischemia and subsequent reperfusion of the liver,
causing postoperative hepatic dysfunction and even
failure; and acute and chronic graft rejections, affecting
the allograft survival. Heme oxygenase (HO), a stress-
response protein, is believed to exert a protective func-
tion on both the development of ischemia-reperfusion
injury (IRI) and graft rejection. In this review of cur-
rent researches on allograft protection, we focused
on the HO-1. We conjecture that HO-1 may link these
two main factors affecting the prognosis of liver trans-
plantations. In this review, the following aspects were
emphasized: the basic biological functions of HO-1, its
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roles in IRI and allograft rejection, as well as methods
to induce HO-1 and the prospects of a therapeutic ap-
plication of HO-1 in liver transplantation.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Transplantation remains the main therapeutic option for
patients with end-stage liver disease. Thanks to the clini-
cal use of immunosuppressants, acute rejections have
been brought under substantial control. However, the
adverse effects of these drugs, such as the development
of blood hypertension, hyperlipidemia, diabetes, renal
failure, and de novo tumors in transplanted patients, are
significant, increasing the postoperative mortality. The
severe side effects of the immunosuppressants limit their
success in attenuating acute rejection. In addition, surgery
and preservation of the allografts result in a cascade of
ischemia-repetfusion injury (IRI) in the transplantation,
for which there are still no effective therapeutic inter-
ventions. Consequently, the strategies to simultaneously
attenuate IRI and induce donor-specific tolerance would
considerably improve the quality of life and survival of
the transplant recipients.

The liver, an immunologically privileged organ, bears
inherent tolerogenic properties in the event of orthotopic
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liver transplantation (OLT). Liver allografts could be
established and maintained even without immunosup-
pressants'". In humans, liver transplants can also confer
protection on other organ grafts stemming from the same
donor™. Based on the aforementioned characteristics of
the liver, it seems more feasible to induce a donor-specific
tolerance in liver transplantations than in the case of
transplantations of other solid organs.

More attentions have been paid to heme oxygenase
(HO)-1 because of its cytoprotective, antioxidant, main-
taining microcirculation, modulating the cell cycle and
anti-inflammatory functions”. In the process of a liver
transplantation, many cell types, including Kupffer cells,
endothelial cells, and dendritic cells (DCs), can induce an
HO-1 overexpression to prevent IRI and rejections!,
Since HO-1 seems to be involved in both processes, it
may act as a linkage between IRI and rejection in liver
transplantation in order to induce donor-specific toler-
ance.

BASIC BIOLOGICAL FUNCTIONS OF
HO-1 AND ITS BYPRODUCTS

HOs are rate-limiting enzymes in the heme catabolism.
The heme catabolism by HO-1 produces carbon mon-
oxide (CO), free iron, and biliverdin that is subsequently
converted to bilirubin by biliverdin reductase'. Three
HO isozymes have been identified: HO-1, HO-2 and
HO-3. HO-1 is an inducible enzyme, while the other two
are expressed constitutively'.

HO-1 is a bona fide 32-kDa stress protein (Hsp32),
variously manifested in endothelial, epithelial, smooth
muscle and other cell types. HO-1 plays a protective role
in many disease models vz its anti-inflammatory, anti-
apoptotic, and anti-proliferative actions”. Three products
of the heme metabolism are considered to be beneficial
due to their immunomodulatory, anti-apoptotic, and va-
soactive properties.

CO, despite its potential toxicity, has recently caused a
great interest because of its function as a signaling mol-
ecule with vasodilatory effects mediated by cGMP, and
its antiapoptotic and anti-inflammatory effects”". CO
can travel freely throughout intracellular and extracellular
compartments and exert a wide spectrum of modulating
physiological effects on multi-systems'".

Bilirubin, a byproduct, is found to exert a beneficial
influence on many diseases, including atherosclerosis,
inflammatory, autoimmune, degenerative diseases, and
cancer, in which it serves as a highly lipophilic antioxi-
dant"”. Tt can slightly reduce ethanol-induced lipid perox-
idative injury by decreasing MDA content”, Tn addition,
Takamiya e7 o/ have demonstrated that HO-1 stabilizes
mast cells (MCs) in order to exercise an anti-inflammato-
ry action through bilirubin.

Furthermore, Fe, the third product, despite its cy-
totoxic pro-oxidant effects, induces an over-expression
of ferritin, which in turn has strong antioxidant effects
through the depletion of free iron and also by other
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less characterized effects that result in the induction of
tolerogenic dentritic cells™,

HO-1 ATTENUATES LIVER IRI IN LIVER
TRANSPLANTATION

IRI is a continual process that culminates in hepatocel-
lular injury. Clinically, it remains a major obstacle to liver
transplantation and can lead to hepatic dysfunction and
even post-transplantation failure. As a result, the mecha-
nisms and prevention of cellular injury during hepatic
ischemia and subsequent reperfusion needs to be eluci-
dated™.

Kupffer cells, the resident macrophage population
within the liver, play key roles in IRIL. They atre activated
after reperfusion by various stimuli in an autocrine fash-
ion by Toll-like receptor 4 signaling"’, or by comple-
ment activation' "', After being activated, they release
inflammatory cytokines and free radicals, such as reactive
oxygen species (ROS), tumor necrosis factor oo (TNFa),
intetleukin 1 (IL-1), nitric oxide (NO), thromboxanes,
and leukotrienes'”, and recruit neutrophils to the liver.
TNF and IL-1 can also tecruit and activate CD4+T-lym-
phocytes which maintain Kupffer cell activation by secre-
tion of the granulocyte stimulating factors or interferon
(IFN)—y[ZO’Zﬂ. Of all the hepatic cells, the nonparenchymal
sinusoidal endothelial cells (SECs) are most susceptible
to IRI™. SECs are activated by tissue anoxia that disturbs
the intracellular energy metabolism and enzyme function,
leading to their apoptosis. These cause marked microcir-
culatory disturbances, leukocyte and platelet adhesion,
diminished blood flow and continuation of the ischemic
process, resulting in massive hepatic necrosis™ . Thus, the
inhibition of SEC apoptosis may be a useful therapeu-
tic strategy to reduce the risk of ischemia injury in liver
preservation. Yue ef 4/ have found that the apoptosis
of SECs was attenuated after the TAT-HO-1 was trans-
ducted into the livet, which may be associated with an
increased expression of Bcl-2 and a reduced expression
of Bax.

It is well known that it is of critical importance to at-
tenuate IRI in liver transplantation. Both HO-1 and its
products of degradation play a role in attenuating IRI
(Figure 1). The findings that Hmox'/™ animals are more
susceptible to IRI injury than the Hmox /" and Hmox /"
animals indicate that HO-1 may play a potent protective
role in IRI®Y. A further study has shown that donor livers
with an enhanced HO-1 expression lowered the serum
ALT/AST levels of the recipient, alleviated allograft
injury, and suppressed cytokine release’. Luke Devey de-
sctibed a mechanism that HO-1 could drive macrophage
differentiation down an “anti-inflammatory” pathwaym.
Therefore, preconditioning the donor liver, especially its
Kupffer cells with a strong induction of HO-1, plays a
potential protective role. Kupffer cells are not only the
main factor associated with liver IRI, but also a major
site of expression of the hepatic HO-1. Based on these
findings, we can assume that HO-1 in Kupffer cells is
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Figure 1 Function of heme oxygenase 1 and its degradation product in ischemia and reperfusion injury during liver transplantation. HO-1: Heme oxygen-
ase 1; CO: Carbon monoxide; SEC: Sinusoidal endothelial cell; ROS: Reactive oxygen species; IRI: Ischemia-reperfusion injury.
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Figure 2 Function of heme oxygenase 1 degradation product to reduce rejection. CO: Carbon monoxide; Treg: Regulatory T cells; IL: Interleukin.

induced exclusively to exert a protective function in the
event of IRI. Additionally, HO-1 can modulate each
stage of the immune activation pathway such as limiting
the production of damage-associated molecular patterns,
modulating T cell activation, and enhancing immunologi-
cal tolerance®

As previously described, CO mediates a cytoprotec-
tive and anti-inflammatory effect in I/R related oxida-
tive injury. It significantly reduces the messenger RNA
(mRNA) levels of the proapoptotic Bax, while it up-
regulates the anti-apoptotic Bcl-2. Bax and Bcl-2 are both
found to be expressed in hepatocytes and SECs at the si-
nusoidal space. Therefore, CO reduces the IRI-mediated
apoptosis through an overexpression of Bcl-2 and dimin-
ished Bax expression. This protective role of CO is me-
diated by an activation of the soluble guanylyl cyclase, as
demonstrated by the fact that 1H-(1,2,4)oxadiazole (4,3-o1)
quinoxaline-1-one (ODQ); a soluble guanylyl cyclase in-
hibitor), completely reversed its beneficial effect™.

The oxidation of bilirubin by ROS results in the
conversion of bilirubin to biliverdin, the latter being a
precursor of bilirubin in the heme degradation that is
recycled to bilirubin in mammals by biliverdin reductase.
This recycling process between bilirubin and biliverdin
is believed to be behind one of the explanations for bili-
rubin’s powerful antioxidant effects in the redox cycle™.
However, the exact mechanism of the protective role of
HO-1 remains to be fully explained.

Contrary to the aforementioned protective role of
HO-1 against oxidant-induced injury and the induction
of HO-1 as an adaptive response against oxidative dam-
age, Froh ez al™ reported that a cobalt protoporphyrin
(CoPP)-induced HO-1 over-expression increases liver
injury, as demonstrated by an over-expression of hepatic
ALT, aggravation of cell necrosis, and fibrosis. They sug-
gested that high levels of HO-1 may sensitize cells to oxi-
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dative stress due to an accumulation of free divalent iron,
thereby increasing oxidative injury. Since Kupffer cells
are the main source of HO-1 in the liver, an increased
expression of HO-1 may also aggravate the activation of
Kupffer cells, thus increasing the formation of inflamma-
tory and fibrogenic mediators. The controversial role of
the HO-1 expression in human liver allografts of either
cytoprotection or increased cytotoxicity ought to be in-
vestigated in more detail in the future.

HO-1 REDUCES REJECTIONS IN LIVER
TRANSPLANTATION

The spontaneous graft tolerance of the liver is an ac-
tive process which depends upon the transfer of donor
leukocytes in the liver. Migration within the recipient’s
lymphoid system results in an early immune activation
of recipient lymphocytes, with their subsequent deletion
from exhaustion. Regulatory T cells and antigen present-
ing cells (APCs) are both involved in inducing donor-
specific tolerance.

One highly significant tolerance inducing mecha-
nism is the suppression of allogeneic responsiveness
by regulatory T cells. Regulatory T cells (Tregs) are a
subset of T lymphocytes that play a core role in immu-
nological suppression and the termination of immune
responses. Deficiency or dysfunction of these cells may
lead to autoimmunity or an aggravated pathogen-induced
inflammation. The end-products of HO-1 degradation
do not have much organ specificity to reduce rejection
(Figure 2). CO could provide one mechanism by which
the regulatory capacity of Tregs is generated. CO has
been shown to have broad anti-proliferative effects in
human CD4+T cells™. Generally, CO is thought to per-
form those anti-proliferative actions by modulating the
activity of guanylate cyclase to increase the cellular cGMP
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levels, and through the MAPK (mitogen activated protein
kinase) pathway. More specifically, CO was also shown
to block the production of 11.-2, a principal cytokine re-
sponsible for T' cell proliferationm. CO, functioning as a
nonspecific suppressor, also fits with the observation that
Treg cells are capable of suppressing the proliferation of
various immune cell types without major histocompatibil-
ity complex restriction and in a non-Ag-specific manner.

Recently, the existence of interactions between Tregs
and MCs has been demonstrated”™. The secretion of im-
munosuppressive mediators, such as transforming growth
factor 3, forms the basis of the pivotal role of MCs in
inducing allograft tolerance. IL-9 is the functional link by
which activated Tregs recruit and activate MCs to medi-
ate regional immune suppression. This is demonstrated
by the fact that by neutralizing 11.-9, allograft rejection
in tolerant mice is greatly accelerated™. However, the
degranulation of intragraft or systemic MCs causes the
loss of Tregs and MCs from the graft, and impairs Treg
function. As a result, rejection occurs in the established
tolerant allograftm. Therefore, it seems important to
stabilize the MCs in order to sustain allograft tolerance.
As described above, the liver more easily induces tolet-
ance than other organs. Although MCs are not abundant
in the liver, an inhibition of MC degranulation seems
important, because of the hepatic immunological privi-
lege. Takamiya ez al™ illustrated that an overexpression
of HO-1 suppresses compound 48/80-, IgE-induced
MC degranulation through bilirubin. Yasui ez a/™ dem-
onstrated that the upregulation of HO-1 within the MCs
also inhibits their cytokine production associated with a
selective suppression of the DNA-binding activity of the
AP-1 transcription factors. As a result, to induce HO-1
within MCs may be another target to affect Tregs. On the
other hand, because MCs are involved in the fibrosis of
chronic rejection, inhibiting MC degranulation and cyto-
kine production may control the progression of chronic
rejection. Whether the HO-1 overexpression of the do-
nor’s or the recipient’s MCs is more important, needs to
be ascertained.

It is well known that the Treg functions depend on
the activity of APCs, and the HO-1 of APCs may also
influence the Tregs. George ¢t al™ have demonstrated
that lack of HO-1 in the APCs significantly impairs the
suppressive function of Treg cells on effector T cells,
which indicated the importance of HO-1 within APCs.
APCs are involved in initiating rejection and can also be
mediated to induce tolerance. Perfusion of donor liver
with HO-1 inducers will up-regulate HO-1 expression
of many cells in the liver, including hepatic dentritic
cells. This pathway contains some mechanism for HO-1
to reduce both acute and chronic rejections (Figure 3).
There are two recognition patterns associated with organ
transplantation rejection: ditect and indirect recognition
induced by donor and recipient APCs, DCs are the main
APCs in the liver, the only cell type that can activate naive
CD4+T cells. Hepatic DCs differ from those in other
organs, because they are less immunostimulatory in re-
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Perfusion of donor livers with HO-1 inducers

HO-1 of DC t HO-1 of MC
Intima hyperplasia |
Immature  Tregt P01 o
DC Stablization
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Figure 3 Perfusion of donor liver with heme oxygenase 1 inducers could
reduce rejections through many pathways. HO-1: Heme oxygenase 1; DC:
Dendritic cell; Treg: Regulatory T cells; IDO: Indoleamine 2,3-dioxygenase;
MC: Mast cell.

sponse to diverse antigens. Some data have also shown
that compared with splenic and blood DCs, freshly iso-
lated mouse liver DCs express lower levels of Toll-like
receptor 4 mRNA and are less able to activate allogeneic
T cells, or polarize naive T cells toward Th1 responses
to LPS™". Immature DCs (imDCs) lack the capability of
presenting alloantigen to alloreactive T' cells because of
a low expression of costimulatory molecules™. As it is
shown, imDCs express HO-1, but apparently reduce or
lose the ability of expression as they become mature””,
There is expanding evidence that donor hepatic imDCs
can downregulate immune responses, thus inducing and
maintaining peripheral T-cell tolerance™. Furthermore,
it has been hypothesized that the presence of large num-
bers of imDCs within the donor liver that circulate and
repopulate the recipient contribute to microchimerism,
another mechanism associated with donor-specific toler-
ce!". However, in the event of an acute liver transplant
rejection, when the imDCs undergo maturation upon
alloantigen stimulation, they induce an acute rejection
through direct recognition. Consequently, keeping DCs
in their immature state is crucial in order to induce an
antigen-specific tolerance in liver transplantation.

Many studies have supported the idea that an induc-
tion of HO-1 or its products can inhibit DC maturation.
Chauveau ¢ @/ have proven that the induction of HO-1
directs DC refractory to an LPS-induced maturation.
Recent studies have also demonstrated that an HO-1
overexpression inhibits the secretion of cytokines critical
for DC maturation, such as IL-12"". Indoleamine 2,3-di-
oxygenase (IDO) is a further mechanism associated with
the immunosuppressive activity of imDCs, whereby IDO
can inhibit T cell proliferation through tryptophan degra-
dation, and induce Tregs as well ¥ An upregulation of
HO-1 resulted in an IDO overexpression through co",
The above-mentioned information all demonstrates that
by inducing HO-1, the development of DCs could be di-
rected selectively toward a tolerogenic DC type. In chron-
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Effective product Targets Results Ref.
HO-1 KC Preventing IRI &
HO-1 Attenuating apoptosis of SEC Alleviating IRI )
HO-1 Inhibiting DC maturation Reducing rejection a
HO-1 Anti-inflammatory differentiation of KC Preventing IRI =
HO-1 Modulating oxidative stress and proinflammatory mediators Alleviating IRI =
(€@) Suppressing T cell proliferation Reducing rejection 1Y
HO-1 Microchimerism Inducing allograft tolerance Y
(€@) Inhibiting TLR-induced DC maturation Reducing rejection )
HO-1 Suppressing intragraft infiltration of KC and neutrophils, preventing Alleviating IRT =
proinflammatory cytokine and chemokine expression
HO-1 Inducing Treg Inducing allograft tolerance E
Biliverdin Decreasing P-selectin, ICAM-1, iNOS and IL-6 Alleviating IRI 1601

HO-1: Heme oxygenase 1; CO: Carbon monoxide; KC: Kupffer cell; SEC: Sinusoidal endothelial cell; DC: Dendritic cell; TLR: Toll-like receptor; Treg:
Regulatory T cells; ICAM-1: Intercellular adhesion molecule-1; iNOS: Inducible nitric oxide synthase; IL: Interleukin; IRI: Ischemia-reperfusion injury.

ic rejection, graft arterial vasculature remodels after the
transplantation. Chronic graft dysfunction is character-
ized by the development of intimal hyperplasia and nar-
rowing of the vessel lumen™, Cheng ez al™ have found
that a loss of HO-1 in DCs or HO-7 gene silencing by
small interfering RNA upregulated the MHCII expres-
sion through CII'TA-driven transcriptional regulation and
transcription 1 (STAT1) phosphorylation. They have also
illustrated that an inhibition of HO-1 in DCs aggravated
the development of transplant arteriosclerosis by increas-
ing intimal hyperplasia, and by activating a CD4(+) T cell
allograft response mediated by an MHCII upregulation.
Therefore, we conclude that the activity of HO-1 is an
important regulatory mechanism affecting multiple levels
of the immune response to induce tolerance. Elucidating
its effects on specific immune cells will aid the develop-
ment of therapeutic strategies for a variety of inflamma-
tory disorders, including autoimmune diseases and trans-
plant rejection.

UP-REGULATION OF HO-1 AS POTENTIAL
THERAPY ON GRAFT PROTECTION IN
LIVER TRANSPLANTATION

Based on the aforementioned information, we can con-
clude that HO-1 plays a potential protective role in both
IRI and graft rejection, whereby HO-1 may act as a link
between these two events (Table 1). Thus, by upregulat-
ing HO-1 within the donor liver allograft, a precondi-
tioned pre-transplantation hepatic status can be provided
that may uphold allograft survival and normal function
for a long time.

HO-1 is highly inducible by a variety of stimuli includ-
ing heme, NO, cadmium, growth factors, and hyperoxia.
These diverse stimuli act »/ a similarly broad range of sig-
naling pathways. The nuclear factor (NF)-kB and activator
proteins-1 and -2 lie in the promoter region of HO-1.The
transcription factor NF-E2-related factor-2 is recognized
as the key mediator of HO-1 induction and the protective
functions of HO-1, as seen in experimental models both
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in vivo and in vitrd™”. Due to the potential toxicity of the
conventional HO-1 inducers, such as hemin and CoPP,
a number of new strategies, including protein transduc-
tion, traditional Chinese medicine, adenoviral transduction
and others, have attracted substantial interest as potential
HO-1 inducers™"*.

Protoporphyrines are prototypic HO-1 inducers 7 vitro.
Depending on the metal atom of the porphyrines, the
enzymatic HO-1 function is activated (e.g iron or cobalt
atom). However, since porphyrines are heavy metals, their
clinical usage has many limitations.

Simvastatin, clinically used as a lipid-lowering drug,
is another inducer of HO-1. Lee ¢f a/*” have shown that
the protective effect of statins on vessels is produced
by HO-1. Uchiyama ef a/”"” further demonstrated that
simvastatin increases the HO-1 expression by inducing
a nuclear translocation of the heat shock factor 1 in vas-
cular endothelial cells. However, there are still several un-
resolved problems. Simvastatin is administered orally in
clinical applications. Uchiyama ez al™” however, induced
HO-1 by an intraperitoneal injection of a high-dose of
simvastatin in their experiments. In view of its potential
for a clinical application, a pilot study is necessary to eval-
uate whether simvastatin administered orally also induces
HO-1.

In recent years, traditional Chinese herbal medicine
has become popular in inducing HO-1. Sinomenine, a
pure alkaloid extracted from the Chinese medical plant
Sinomeninm acutum, has been investigated for its protective
effect on hepatic cells affected by an overexpression of
HO-1 to attenuate IRIV. Isodon Serra (I Serra) is another
Chinese medicinal herb that has been found to possess
the capacity to induce HO-1. It is a perennial herb that
has been used widely for the treatment of arthritis, en-
teritis, jaundice, hepatitis, lepromatous leprosy, ascariasis
and acute cholecystitis™'. Moreover, it has been used in
China to treat esophageal cancer. It has an anti-prolif-
erative effect on melanoma cells and many other kinds
of malignant cells™, However, our studies focused on
other functions, besides its anti-tumorigenic activities™”.
Matsushima ez a/°* have proven that crassin acetate, a
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coral-derived cembrane diterpenoid, can effectively induce
HO-1 mRNA/protein expression and HO-1 enzymatic
activity in DCs. Nodosin and Oridonin, extracts obtained
from L. Serra, also belong to a type of diterpenoid. Our
previous studies elucidated that Oridonin has an immuno-
suppressive effect by regulating the cell mitosis cycle and
modulating the signal mechanisms of four cytokines (IL-2,
IFN-y, I1-12 and TNFa)"™. Oridonin, a potent HO-1 in-
ducer, is a promising immunosuppressive drug, Hu ¢z a/*”
have shown that Oridonin upregulated the HO-1 expres-
sion at both the transcriptional and translational levels,
and accordingly promoted HO-1 activity iz vitro in their
experiments. However, the exact mechanisms of our find-
ings remain to be further investigated. Nodosin, another
L serra extract, also induces HO-1. We used a Nodosin
solution iz vitro to petfuse the isolated liver, while lactic
Ringer’s solution was used as control. The results showed
that the expression of HO-1 in both the mRNA and the
protein is higher in the perfused group than in the control
groupm. The potential role of I Serra extract in the up-
regulation of HO-1 suggested that it is a novel nontoxic
drug candidate for liver allograft protection. More models
and methods used for the study of I Serrz extracts need
to be defined in the future investigations. We believe that
in the near future, the full pharmacological activity and
detailed mechanisms of I Serrz will be further described.

FUTURE PROSPECTS

In a clinical setting, however, the inducible HO-1 sys-
tem still has several limitations. The different effects of
HO-1, which are neither exclusively cytoprotective nor
exclusively cytotoxic, should be further investigated. The
HO-1 induced cytoprotection might be restricted to a
narrow threshold of overexpression. Besides, there are
no available reagents that can specifically induce HO-1.
Therefore, the unintended effects of treatment with
non-specific HO-1 inducers would likely present a dis-
advantage“oj. Although an adenoviral-based HO-1 gene
transfer has been attempted 7z vivo, the efficiency of viral
transfection is organ dependent. CO may represent a can-
didate for the treatment of transplanted patients against
IRI. However, its therapeutic window must be carefully
considered, because the inhalation of high levels can be
toxic ot even be lethal. Biliverdin and reduced bilirubin
may also represent possible candidates for clinical appli-
cation. We have recently demonstrated that biliverdin had
a protective effect in stringent rat liver models of IRI, as
evidenced by an improved portal blood flow/bile pro-
duction and a reduction in hepatocellular damage. It also
improved the survival rate in a syngeneic rat OLT model
after prolonged cold ischemia™. However, because bili-
rubin in excess can cause neurotoxicity and can act as a
Iytic agent binding to erythrocyte membranes, the thera-
peutic window of biliverdin must be examined in detail
ptior to its clinical use.

From the above, the question arises if HO-1 or its
products can be used clinically. Although CO is toxic,
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beneficial results can be obtained with relatively low dos-
es for appropriate length of time. In rodents, the admin-
istration of biliverdin or bilirubin in the first few weeks
of life did not reveal much toxicity. Recent evidence
indicates that they are not only non-toxic at physiological
concentrations in normal cells, they may also have im-
portant anti-oxidant, anti-inflammatory, or anti-apoptotic
propertiesm’w].

Based on this review, which reveals that HO-1 is as-
sociated with both processes of IRI and acute rejection,
we can conclude that the preconditioning of the donor
liver with an upregulation of HO-1 not only attenuates
IRI, but also reduces rejection after liver transplantation.
HO-1, therefore, seems to stand out as a potential key
therapeutic target to maintain graft function and improve
the recipients’ prognosis in liver transplantation. How-
ever, due to its limitations, the therapeutic role of HO-1
must undergo further critical analysis.
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