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Abstract

Interruption of blood flow and subsequent organ
reperfusion lead to significant tissue damage. This
well-studied phenomenon is recognized as
ischemia/reperfusion injury. Ischemic pre-
conditioning refers to a mechanism in which a prior,
short, ischemic period induces some protection
against a subsequent prolonged ischemic and
reperfusion damage. The mechanisms involved in
ischemic preconditioning and its applications for
clinical and basic research are discussed in this

paper.
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Liver transplant is widely accepted as an effective
therapeutic modality for irreversible acute and
chronic liver diseases. Prolonged liver ischemia
followed by reperfusion, which occurs during liver
transplant, results in severe injury that contributes to
increased morbidity and mortality in liver transplant.
This phenomenon is defined as ischemia-reperfusion
injury.  Ischemia-reperfusion injury
multifactorial mechanisms and distinct metabolic
pathways leading to severe microischemia-
reperfusion injury, circulatory dysfunction, organ
failure, and death (1). This is likely increased by use
of extended criteria donors, a suitable approach to
deal with the dramatic shortage of organ donors. The
consequences of ischemia-reperfusion injury over
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grafts has led to the development of new strategies to
protect the graft; thereby reducing the magnitude of
this injury, and improving postoperative outcomes.
Among those strategies, ischemic preconditioning
represents a feasible and reliable tool. The technique
is based on the fact that resistance of organs or tissue
may be obtained by means of brief and repetitive
episodes of ischemia, followed by reperfusion, before
a more-sustained episode of ischemia and
reperfusion (2). First described in the canine ischemia
heart model, it is currently accepted as a universal
phenomenon among organs and tissues. Here, we
emphasize the pathophysiological mechanisms and
clinical relevance of liver ischemic preconditioning.

Materials and Methods

Mechanisms of ischemic preconditioning
Ischemic preconditioning can be achieved by gene or
pharmacological therapy, heat-shock treatment, or
surgery. In this paper, we will consider only the
surgical ischemic preconditioning.

The mechanism of ischemic preconditioning is
uncertain, but it is considered to be a biphasic event.
The early stage of protection lasts about 2 hours after
the trigger, while a second phase of protection occurs
during the following 24 hours. Once the effects can
be observed shortly after the stimulus, the
mechanisms involved might be related to pre-
existing molecules as effectors of natural defense
events against subsequent ischemic injury.

Oxidative stress

According to some previous studies, oxygen-free
radicals are produced by cytosolic xanthine oxidase,
or are released by Kupffer cells, adherent leukocytes,
or mitochondrial origin. These are the most-relevant
pathways of tissue damage after reperfusion of
ischemic organs or tissues (3). Ischemic
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preconditioning modulates oxidative stress for
limiting the accumulation of xanthine, and for
reducing the conversion of xanthine dehydrogenase
to xanthine oxidase. Xanthine oxidase requires
molecular oxygen introduced on tissue reperfusion
to convert hypoxanthine to xanthine with superoxide
release. The action of ischemic preconditioning over
xanthine oxidase-derived oxidant stress inhibits this
pathway of oxidative injury (4).

Recently, it has been shown that ischemic
preconditioning reduces oxidative stress by
suppression of free radicals released by Kupffer cells,
because ischemic preconditioning has no benefit on
Kupffer cell-depleted rat livers. Ischemic pre-
conditioning decreases endothelial adhesion molecule
expression (P-selectin) in warm ischemia-reperfusion
injury of the rodent liver, thereby diminishing the
neutrophil adhesion and resulting in decrease of
oxidative neutrophil-mediated damage (5, 6).

Adenosine, nitric oxide, and intracellular kinases
Adenosine is an endogenous compound produced
by action of enzymes related to adenosine
triphosphate, adenosine diphosphate, and adenosine
monophosphate. In case of sustained oxygen deficit,
adenosine triphosphate is rapidly consumed to
generate energy for cellular metabolism, thereby
resulting in adenosine production. At some stage in
reperfusion, adenosine is washed out of the tissues,
depriving them of its known beneficial effects.
Moreover, adenosine is transformed to hypoxanthine
and xanthine leading to oxidative radical production.
Adenosine-related mechanisms during ischemic
preconditioning seem to be mediated by A2
receptors, because their blockade results in inhibition
of nitric oxide production and subsequent cessation
of protective effects of ischemic preconditioning
6,7).

Adenosine activates endothelial (constitutive)
nitric oxide synthase, resulting in nitric oxide
synthesis. It is widely accepted that nitric oxide is an
important mediator of ischemia-reperfusion injury
associated ~ with  improvement of liver
microcirculation and tissue oxygenation by
attenuating neutrophil adherence and inhibiting
platelet aggregation. Nitric oxide inhibits the release
of endothelins—a member of a family of potent and
long-acting  vasoconstrictive  mediators  (8).
Endothelins counteract the beneficial effects of nitric
oxide. Inhibition of nitric oxide synthesis blocks the

Exp Clin Transplant

protective effect of ischemic preconditioning (9, 10).
Ischemic preconditioning stimulates the activity of
various intracellular kinases via activation of cell
membrane receptors by adenosine and other
effectors. Protein kinase C (PKC) and p38 mitogen-
activated protein kinase (p38MAPK) have been
shown to reduce hepatocyte injury. This is mainly
due to activation of another intracellular kinase
(protein  kinase B (Akt/PKB), which has
antiapoptotic effects and stimulates nitric oxide
synthesis via endothelial (constitutive) nitric oxide
synthase (11, 12).

Remote ischemic preconditioning

Ischemic preconditioning of an organ may protect
others organs from ischemia-reperfusion injury. This
mechanism is recognized as remote ischemic
preconditioning. It was first described in a model of
canine of heart ischemia, and involves the release of
effectors into systemic circulation. Liver
preconditioning-induced resistance to ischemia-
reperfusion injury damage in remote organs is
thought to be elicited by decreased hepatic TNF-a
release.

Recently, it was shown that remote ischemic
preconditioning of the hind limb reduces warm
ischemia-reperfusion injury in the livers of rabbits
and rats. Although the mechanism of remote
ischemic  preconditioning  remains  poorly
understood—adenosine, bradykinin, and opioids are
released in systemic circulation after sublethal
ischemic injury seems to be involved in the process
(13, 14).

Delayed ischemic preconditioning

Delayed ischemic preconditioning onsets 24 hours
after reperfusion and protection may persist for
several days. Gene expression and synthesis of
proteins have been investigated in delayed ischemic
preconditioning. The activation of nuclear factor
kappa B and other transcription factors can induce
the synthesis of inducible nitric oxide synthase, heat-
shock proteins, and antioxidants. Heat-shock
proteins contribute to the diminishment of TNF-a
synthesis and reduce inflammatory injury in livers
subjected to ischemic preconditioning (15, 16).

Medical relevance of ischemic preconditioning
Because of the advantages shown in experimental
models of ischemic preconditioning, clinical trials of
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ischemic preconditioning have been done over the
past decade. Several clinical studies of ischemic
preconditioning have demonstrated that ischemic
preconditioning has beneficial effects in liver surgery,
thereby improving both clinical and laboratory
parameters in patients with normal or cirrhotic
livers. However, the majority of studies failed to
demonstrate improvement of mortality and
morbidity in preconditioned versus
conditioned patients (17).

The liver donor shortage has led transplant
surgeons to accept livers that were previously
considered unsuitable. Use of these extended criteria
grafts is related to higher incidence of primary liver
dysfunction, or in its most-severe form, primary liver
failure and death. Ischemic preconditioning may
represent an attractive option to deal with ischemia-
reperfusion injury in extended criteria grafts, mainly
in steatotic grafts. Steatosis is considered a major
parameter to classify a graft as extended criteria.
Moreover, steatotic livers have decreased tolerance
to ischemia-reperfusion injury and ischemic
preconditioning may have beneficial effect in human
steatotic liver.

nonpre-

Conclusions

The advantageous effects of liver ischemic pre-
conditioning have been shown in experimental
models and more recently, in clinical trials. However,
the role of ischemic preconditioning remains unclear,
and investigation to elucidate these effects seems to
represent a promising research field in the future.
New cellular mediators, molecules, and metabolic
pathways related to ischemic preconditioning remain
to be clarified. These new data should lead to the
synthesis of drugs that will eventually reduce effects
reperfusion injury to the liver. Clinical trials and
experimental models should provide important
insights into the role of remote ischemic
preconditioning to reduce ischemia-reperfusion
injury, thereby improving clinical outcomes.
Transplant surgeons must clearly define the clinical
relevance of ischemic preconditioning when using
extended criteria grafts and hepatic surgery in the
near future.
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