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Abstract

Solid organ transplantation remains the treatment of choice for many patients with end-stage organ failure. Because of the significant

donor organ shortage, many transplant centers are using deceased donor allografts that are considered bmarginalQ and would have otherwise

been discarded in previous years. In some instances, the use of these marginal grafts has resulted in inferior outcomes after transplantation.

Ischemia-reperfusion injury (IRI) remains an important cause of organ dysfunction and allograft survival after transplantation. Despite many

years of investigative research, there remains no standard treatment for IRI after solid organ transplantation. With the increased use of

marginal allografts, there is a greater need to protect these organs from IRI, and researchers continue to seek novel mechanisms and strategies

to minimize injury after transplantation. This review focuses on the recently identified mechanisms of IRI and novel protective strategies

being studied to minimize IRI after transplantation.

D 2007 Elsevier Inc. All rights reserved.
1. Introduction

Solid organ transplantation has become the standard of

care for selected patients with end-stage organ dysfunction.

With improved surgical techniques, more effective immu-

nosuppressive therapies, and better anti-infective medica-

tions, outcomes after solid organ transplantation have

improved over the last several years. As a result, the

number of patients referred for transplantation has continued

to increase. According to the 2005 Organ Procurement and

Transplantation Network/Scientific Registry of Transplant

Recipients (OPTN/SRTR) Annual Report, 86,378 patients

in the United States were on the deceased donor transplant

waiting list at the end of 2004. This represented a 5%

increase from the previous year. Despite a concomitant

5.8% increase in the number of organs transplanted in 2004,

there continues to be a significant donor organ shortage.

Based on these data, only 30% of patients on the transplant

waiting list underwent transplantation in 2004 (HHS/HRSA/

HSB/DOT. 2005 OPTN/SRTR Annual Report 1995–2004).

In an effort to combat the donor organ shortage,

transplant centers are using more bmarginalQ organs that

would otherwise have been declined during previous years.
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Although there is no consensus as to the definition of

marginal, some examples of marginal organs include older

donor organs, steatotic livers, kidneys from donors with

hypertension or diabetes, pancreata from obese donors, and

organs recovered from donors after cardiac death (DCD).

Some have described the use of segmental liver transplan-

tation from DCD donors [1]. Although the use of these

organs have resulted in increased rates of transplantation, in

some instances, outcomes after transplantation of marginal

grafts are inferior to those occurring with nonmarginal or

standard criteria donor organs [2,3]. Older donor age has

been shown to be a significant risk factor for graft loss or

delayed graft function in solid organ transplants [4-9]. In

liver transplant recipients with hepatitis C–induced cirrho-

sis, recurrence of hepatitis C virus and progression to

fibrosis are significantly higher in those receiving older

donor organs [10,11]. Prolonged cold ischemic times

increase the risk of graft loss in liver [12] and pancreas

transplantation [13]. Because of a significant higher relative

risk of graft loss, some marginal kidneys are now designated

as expanded criteria donor (ECD) kidneys so that the

recipients are appropriately informed of such risk. Large

retrospective studies of kidney transplantation from DCD

donors demonstrate significantly higher rates of delayed

graft function when compared with those recovered from

brain-dead donors [14,15]. Although multiple donor and
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recipient factors likely contribute to the inferior outcomes,

the most commonly understood cause of immediate graft

dysfunction after transplantation of the marginal graft is

ischemia-reperfusion injury (IRI).

Ischemia-reperfusion injury in the setting of transplanta-

tion is a complex process involving a period of anoxia

during cold preservation followed by a period of reperfusion

after implantation resulting in significant injury to the

transplanted organ. Severe IRI has been shown to lead to

decreased graft survival and increased postoperative mor-

bidity in patients undergoing liver transplantation [16]. Poor

initial hepatic graft function secondary to IRI also correlates

with higher rates of early rejection [17]. Others have

suggested that organ preservation followed by ischemia

and reperfusion is one of the risk factors responsible for late

allograft failure [18,19]. Ischemia-reperfusion injury is a

multifactorial process that results in the accumulation of

reactive oxygen species (ROS) that initiate tissue injury and

stimulate a cellular cascade leading to inflammation. The

inflammatory process is secondary to endothelial activation

and dysfunction, adherence and activation of neutrophils

and platelets [20], and the activation of complement [21]

and T cells [22]. The proinflammatory process that follows

results in cell death and in severe cases leads ultimately to

organ failure.

Although the pathogenesis of IRI has been studied

extensively, therapeutic strategies to minimize injury in

the clinical setting have yielded inconsistent results. For this

reason, there is no defined treatment for IRI after

transplantation. However, ongoing research continues in

this field to identify novel protective strategies to mitigate

transplant-related IRI. Minimizing transplant-related IRI

may result in improved short- and long-term allograft

function, increased use of marginal donor organs, and

expansion of the donor organ pool. The purpose of this

review is to summarize newly identified mechanisms of IRI

with an emphasis on identifying novel protective strategies

to minimize cold preservation IRI after transplantation.
2. Known mechanisms of injury

The initial insult to the donor organs occurs during the

period of donor brain death. During this process, multiple

physiologic derangements occur that result in end-organ

dysfunction. Hypotension, hypoxia, catecholamine surges,

hormonal dysfunction, and hypovolemia all contribute to

end-organ dysfunction occurring before the preservation

process. These physiologic derangements result in the release

of cytokines, chemokines, and adhesion molecules that are

identified in peripheral tissues including the heart and kidney

[23,24]. There is further evidence that the process of brain

death causes oxidative stress to donor kidneys, and this

resultant injury correlates with the incidence of rejection as

well as intermediate and long-term posttransplant kidney

function [25]. Therefore, injurious processes are ongoing at

the time of recovery and before preservation.
All transplanted organs undergo a period of cold

preservation before reperfusion in the recipient. Transplanted

organs that undergo short periods of cold preservation and

reperfusion usually tolerate IRI well as is seen in living donor

kidney transplantation. However, prolonged periods of

hypothermia seen in deceased donor transplantation result

in worse IRI and graft dysfunction [26]. Previous studies have

elucidated the mechanisms and foci of specific cellular injury.

In the liver, nonparenchymal cells (Kupffer, endothelial, and

stellate) are more susceptible to cold preservation IRI

compared with hepatocytes [27], and the sinusoidal endo-

thelial cell (SEC) is the main target of injury [28]. Cold

preservation causes actin disassembly within the SEC and

results in matrix metalloproteinase secretion leading to cell

surface activation and increased endothelial adhesiveness

[29]. Sinusoidal endothelial cell apoptosis increases after cold

storage and reperfusion [30], and SEC dysfunction contrib-

utes to increased expression of adhesionmolecules on the cell

surface. These adhesion molecules are critical for the

recruitment and infiltration of inflammatory cells into the

injured tissue. Upon reperfusion, there is adherence and

activation of neutrophils, CD4+ T cells, and platelets to the

endothelium, thus narrowing the sinusoid and contributing to

further decreased blood flow [31]. An oxidative burst occurs

resulting in the formation of ROS from activated Kupffer

cells, neutrophils, and CD4+ T cells. The abundance of ROS

overcomes the intrinsic antioxidant defense mechanisms of

the cell leading to lipid peroxidation, disruption of calcium

homeostasis, mismanagement of mitochondrial calcium, and

ultimately direct cellular injury [32]. Multiple downstream

mechanisms and mediators of injury have been studied, but

the relative significance of each of them remains unknown.

Ongoing research in IRI has resulted in the identification of

novel mechanistic pathways and mediators of both warm and

cold preservation IRI.
3. Innate immunity and IRI

The innate immune system has evolved to be the first line

of defense against invading microorganisms. More recently,

there has been great interest in innate immunity and the

identification of Toll-like receptors (TLRs) found on the cell

surface. Toll-like receptors are described as a special form of

pattern recognition receptors that recognize specific classes

of molecules known as pathogen-associated molecular

patterns (PAMP) in different microorganisms [33]. TLR4

has been shown to be involved in the recognition of

lipopolysaccharide (LPS). When TLRs recognize bacterial/

viral-specific PAMPs, they trigger a proinflammatory

response mediated by neutrophils, macrophages, and

complement [34]. Toll-like receptors are expressed on

different cell types but mostly on antigen-presenting cells

including macrophages, dendritic cells, and B cells, but they

are also found on other cells of the innate immune system

including mast cells, basophils, neutrophils, and eosinophils

[35,36]. In trying to understand the triggering mechanisms



Fig. 1. Heme catabolism by heme oxygenase. The catabolism of heme by

heme oxygenase into iron, carbon monoxide (CO), and biliverdin.

Biliverdin is converted to bilirubin by biliverdin reductase. The byproducts

of heme perform the cytoprotective functions of the heme oxygenase

system, and their mechanisms of protection are listed.
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of IRI, several researchers have investigated the role of

TLRs and innate immunity in IRI. The innate immune

system is triggered despite the absence of exogenous

antigen. Aside from recognizing PAMPs, TLRs also

recognize endogenous ligands released from damaged cells

and are known as damage-associated molecular patterns

[37,38]. These endogenous ligands include danger-signaling

stress proteins or heat shock proteins that are able to engage

TLRs after their release from necrotic cells and subsequent-

ly induce an inflammatory response [39,40]. Other mole-

cules released from damaged tissue that also bind to and

activate TLRs include extracellular matrix components,

fibrinogen, hyaluronan fragments, heparan sulfate, and

extracellular fibrin deposits [41-44].

Toll-like receptors play a significant role in the patho-

genesis of IRI. In a murine model of myocardial ischemia

and reperfusion, the deficiency of TLR4 signaling in

knockout mice and LPS pretreatment in wild-type (WT)

mice led to a decrease in infarct size [45]. Oyama et al [46]

also studied myocardial ischemia in 2 strains of TLR4-

deficient mice and found that infarct size after ischemia and

reperfusion was significantly smaller than that seen in

control mice. There was also evidence of decreased lipid

peroxidation, neutrophil infiltration, and complement depo-

sition in the damaged tissue.

The involvement of TLRs and the identification of

specific intracellular signal transduction mechanisms have

been confirmed in hepatic IRI. In a syngeneic rat liver

transplant model, multiple components of the LPS signaling

pathway including LPS-binding protein mRNA, TLR2

mRNA, CD14 mRNA, as well as NF-jB and AP-1 activity

were increased [47]. In a murine model of warm IRI, TLR4

was found to be required for the initiation of the

inflammatory cascade. In contrast to the MyD88-dependent

signal transduction mechanism seen in minor antigen-

mismatched allograft rejection [48], the downstream sig-

naling pathway of TLR4 activation leading to liver

inflammation and hepatocellular damage was shown to be

mediated by interferon regulatory factor 3 [38].

In another warm ischemic model of hepatic IRI, severe

hepatocellular injury was demonstrated in TLR2 knockout

(KO) and WT mice with associated increased synthesis of

tumor necrosis factor–a and expression of TLR4 protein.

However, disruption of TLR4 signaling with TLR4 mutant

or TLR4 KO mice resulted in less hepatocellular injury. The

authors also demonstrated that the beneficial effects after

TLR4 blockade were dependent on intrahepatic overexpres-

sion of hemeoxygenase-1 (HO-1) mRNA/protein. These

data demonstrate the interrelationship between HO-1 and

TLR4 pathways during hepatic IRI injury and that HO-1

modulates proinflammatory responses triggered by TLR4

activation [49].

Tsung et al [37] used a murine model of chimeric TLR4

mice and IRI to determine which cells in the liver are

responsible for recognizing the endogenous ligands from

damaged cells when activating the innate immune system.
They found that TLR4-mediated liver injury after IRI

requires functional TLR4 on nonparenchymal cells, not

hepatocytes. More specifically, TLR4 engagement on

actively phagocytic, nonparenchymal cells such as Kupffer

cells is required for the development of hepatic IRI [37].

High-mobility group box 1 (HMGB1) is a nuclear

protein that is involved in transcriptional activation and

DNA folding [50]. High-mobility group box 1 has also been

shown, as an extracellular protein, to be a signal of

inflammation when released from necrotic or damaged cells

[51]. Recent studies performed in a murine model of warm

hepatic IRI revealed that pretreatment of HMGB1 to the

mice before IRI resulted in less hepatocellular injury. The

protection was associated with a higher expression of IL-

1R–associated kinase-M, a negative regulator of TLR4

signaling. Further experiments revealed that HMGB1 failed

to reduce injury in TLR4-mutant mice but successfully

reduced injury in TLR4 wild-type mice [52]. These novel

studies demonstrate that HMGB1, a known mediator of

inflammation, can also induce hepatocellular protection via

TLR4 signaling when given before the onset of ischemia.

TLR4 activation with endogenous ligands is a critical

mechanism in the development of IRI. TLR4 activation and

signaling via IFN regulatory factor 3 result in the activation

of endothelial cells, macrophages, and maturation of

dendritic cells that lead to the release of cytokines, chemo-

kines, local activation of complement, and T cell activation.

These mechanisms support the hypothesis that activation of

the innate immune response after transplant-related IRI

stimulates an adaptive immune response resulting in the

potential for increased rejection rates and allograft dysfunc-

tion [53]. Targeting TLR4 with either pharmacologic

agonists or antibodies may be a strategic approach to

arresting this early step in the complex process of IRI.
4. Heme oxygenase

Heme oxygenases are ubiquitous enzymes that catalyze

the rate-limiting steps in the oxidative degradation of heme
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into biliverdin, carbon monoxide, and free iron (Fig. 1). Up-

regulation of HO-1 has been shown to confer cellular and

tissue protection in multiple models of inflammatory injury

and oxidative stress [54,55]. The HO-1 system is thought to

exert cytoprotective functions by providing antioxidant and

anti-inflammatory functions, modulate the cell cycle, and

maintain microcirculation [56]. Multiple studies have shown

that HO-1 exerts cytoprotective effects in liver [57-59],

heart [60], kidney [61], and islet cell [62] transplant models

of IRI. In a recent study using a rat kidney transplant model,

HO-1 induction with cobalt protoporphyrin in brain-dead

donors resulted in prolonged recipient survival and signif-

icantly improved allograft histology when compared with

untreated brain-dead donors [63]. Each of these models has

included the use of HO-1 knockout mice, HO-1 induction

via gene therapy with viral vectors, or HO-1 induction with

heavy metals or protoporphyrins.

A recent study revealed another approach to HO-1

induction and subsequent protection from both warm and

cold IRI. Using an in vitro model of human hepatocytes,

McNally et al [64] demonstrated that curcumin, a biolog-

ically active component of the spice tumeric, protected

hepatocytes from warm oxidative injury, and the protection

was mediated through HO-1. In another cellular model of

cold storage and rewarming, curcumin pretreatment resulted

in cytoprotection from oxidative injury as well. Although

curcumin has been shown previously to be protective in

renal injury models [65], this is the first demonstration of

HO-1 induction by curcumin in hepatocytes leading to

cytoprotection from IRI.

Although these animal studies have demonstrated the

beneficial effects of HO-1 on IRI after transplantation, there

are limitations in applying this protective pathway in human

disease. Despite the existence of multiple compounds shown

to induce HO-1 including nitric oxide, protoporphyrin

compounds, and heavy metals, there is no known reagent

that specifically induces HO-1 activity. Other specific

proteins and biochemical processes can be affected by

HO-1 induction and may be deleterious in the human setting

[66]. Gene therapy approaches that use the introduction of

the ho-1 gene into tissues by virally directed overexpression

also have limited application. The use of viral vectors in

human transplantation has been tempered by the potential of

viral replication in the setting of immunosuppression. There

is also concern that uncontrolled overproduction of HO-1

with ho-1 gene induction may also lead to adverse effects.

The mechanism by which HO-1 exerts its cytoprotective

effects is not completely understood. However, the byprod-

ucts of heme catabolism via HO-1 can mediate cytopro-

tective effects of HO-1 [67,68].

Biliverdin, a byproduct of heme degradation by HO-1, is

converted to bilirubin by biliverdin reductase. Both biliver-

din and bilirubin have been considered to be toxic

metabolites of heme degradation. However, both bilirubin

and biliverdin act as potent antioxidants in multiple in vitro

models [69], and this has led to further studies involving
IRI. In a rat liver model of ex vivo perfusion, adjunctive

biliverdin therapy improved portal venous blood flow,

increased bile production, and decreased hepatocellular

damage. After cold ischemia and syngeneic orthotopic liver

transplantation, biliverdin therapy prolonged animal surviv-

al and correlated with improved liver function and preserved

hepatic architecture [70]. Using an isolated, perfused, rat

kidney system, Adin et al [71] demonstrated the protective

effects of exogenous bilirubin when administered before

IRI. Bilirubin treatment resulted in significant improve-

ments in renal vascular resistance, urine output, glomerular

filtration rate, tubular function, and mitochondrial integrity

after IRI. However, in another study using an in vivo rat

model of warm renal IRI, exogenous bilirubin infusion

provided only partial protection to the kidney. The cortical

proximal tubules were preserved in the treated group,

whereas no protection was seen in the renal medulla [72].

The authors suggested that variability in studies may be

related to differences in models or variability in tissue

microcirculatory hemodynamics. Another possibility is the

need for the combination of both biliverdin and carbon

monoxide to exert maximal protection from IRI. The

additive protective effects of both biliverdin and carbon

monoxide have been studied in rodent heart and kidney

transplant models. In this study, recipient rats who were

exposed to carbon monoxide and biliverdin sustained

significantly less IRI after 24 hours of cold preservation

when compared with controls [73].

As solitary therapy, carbon monoxide has been shown to

confer cytoprotection in multiple animal models of warm-

and cold-preservation IRI [74-79]. In a recent study, donor

pretreatment of carbon monoxide before organ procurement

reduced graft immunogenicity and inhibited chronic allo-

graft dysfunction in a rat kidney transplant model [76].

Several mechanisms of how gaseous carbon monoxide

exerts cytoprotection have been proposed. Carbon monox-

ide acts as a vasodilator by increasing the production of

guanosine 3V,5V monophosphate (cGMP), an intracellular

signaling molecule involved in smooth muscle relaxation.

Carbon monoxide protects the vascular endothelium from

injury, decreases mRNA expression of adhesion molecules,

and inhibits platelet aggregation. Carbon monoxide has also

been shown to have both antiapoptotic [77,78] antirejection

[79] and anti-inflammatory properties [80]. Currently, there

are no published data confirming the protective effects of

carbon monoxide in large-animal, preclinical transplant

models. If data emerge confirming these protective effects

in large animal transplant models, the use of carbon

monoxide in well-controlled clinical, human transplant trials

may be warranted.
5. Mitochondria and IRI

Mitochondria are active participants in cellular Ca2+

signaling with the ability to rapidly accumulate and release

large quantities of Ca2+. Increased cytosolic Ca2+ is an
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important factor in IRI [81-83] and has traditionally been

regarded as the primary effector of cell demise. Cold

ischemia and subsequent reperfusion result in an increase

in cytosolic Ca2+ concentration by depressing cellular ATP

levels [84], inhibiting Ca2+ pumps that normally transfer

Ca2+ out of the cell or into the endoplasmic reticulum [85],

and by allowing cytosolic Ca2+ entry into mitochondria [86]

(Fig. 2). In addition, concomitant intracellular acidosis frees

Ca2+ ions normally complexed to intracellular proteins. The

ensuing elevations in intracellular Ca2+ concentration during

reperfusion have detrimental cellular effects, such as

activation of proteases that convert xanthine dehydrogenase

to xanthine oxidase [87], potentiation of cell damage by

reactive oxygen radicals [88], and activation of caspases

[89]; however, increased mitochondrial Ca2+ accumulation

as a result of elevated cytosolic Ca2+ is ultimately

responsible for cell demise [90].

Mitochondrial Ca2+ overload results in cell death through

the formation of the mitochondrial transition pore, which is

also called the mitochondrial megachannel [90]. The

mitochondrial transition pore creates a sudden increase in

inner mitochondrial membrane permeability allowing re-

lease of small molecules with a mass below 1500 d [91,92].

Recently, we have described the presence of mitochondrial

phospholipase C-d1 (PLC-d1) that regulates mitochondrial

calcium uptake through the mitochondrial Ca2+ uniporter

[93], and mitochondrial PLC-d1 expression is up-regulated

in cold ischemia and reperfusion injury. These data

demonstrate that PLC-d1 is essential for mCa2+ uptake

after cold ischemia. Ischemia-induced increase in PLC-d1
expression provides a mitochondria-based mechanism,

whereby mCa2+ uptake can increase independently of

cytosolic changes in [Ca2+].

Chen et al [94] hypothesized that damage to mitochon-

drial respiration occurs primarily during ischemia and that

protection of the mitochondria during ischemia leads to

decreased organ injury after reperfusion. They demonstrated

that treating rats with a known reversible inhibitor of the

mitochondrial electron transport chain, amobarbital, resulted
Fig. 2. Key events of cold IRI. An outline of the main metabolic and ionic

changes that occur during ischemia, and how these changes influence the

function of the mitochondria upon reperfusion is shown. A central role is

depicted where the fate of the mitochondria determines the fate of the cell.
in attenuation of the mitochondrial release of ROS and

decreased myocardial infarct size. Further studies in this

area may identify additional therapeutic targets to minimize

mitochondrial-related IRI.
6. Gene therapy

Multiple studies exist that demonstrate the use of human

gene therapy in the protection of cells from IRI. These studies

are focused on either the induction of antiapoptotic or

protective genes or the immunoregulation of cytokines and

the blockade of proinflammatory signal transduction path-

ways [95-98]. Specific activated intracellular pathways that

are considered critical in initiating or sustaining the injury

response are targeted. Genetic strategies include transcrip-

tional gene silencing, which acts to prevent mRNA synthesis,

or posttranscriptional gene silencing, where the strategy is to

degrade existing mRNA and inhibit translation.

Although most of the initial approaches of gene therapy

involved the use of viral vectors, more recently discovered

techniques that inhibit translation of mRNA are nonviral and

include ribozymes, antisense oligodeoxynucleotides, syn-

thetic short interfering RNA (siRNA), and vector-expressing

short hairpin RNA (shRNA). Each technique has been used to

minimize IRI in various models. Ribozymes are RNA

molecules that catalyze the degradation of either their own

or other RNA strands. Using a novel chimeric ribozyme

vector with a target sequence against intracellular adhesion

molecule (ICAM)-1, Sonnenday et al [99] performed in vivo

intraportal delivery to decrease ICAM levels. Delivery of the

vector resulted in marked reduction of ICAM-1 mRNA

expression, protein levels, and ICAM-1 expression on the

liver endothelium after reperfusion.

Short interfering RNA is double-stranded RNA that is

incorporated into an RNA-induced silencing complex and

serves as a guide for silencing their corresponding target

mRNAs based on complimentary base pairing [100]. This

technique has been used as a method of protection in a

mouse model of renal IRI with specific targeting of the

complement 3 gene [101]. In another study, caspase-8 and

caspase-3 siRNA were used in mouse model of hepatic IRI.

After receiving high-volume, intraportal delivery of siRNA

60 minutes before ischemia, treated animals had better

preservation of hepatic architecture, lower infiltration of

polymorphonuclear cells, and prolonged survival when

compared with controls [102].

Use of siRNA technology in the clinical setting is limited

for the following reasons. Because of the need to perform

high-volume, hydronomic delivery of siRNA locally into the

organ of interest, unwanted injury may occur and potentially

affect the outcome after reperfusion. In addition, there is

currently no proven, acceptable technique for the systemic

delivery of siRNA. Because of these limitations, others have

used shRNA as a technique for gene delivery. The use of

shRNA does not require hydronomic and local injection for

gene silencing. Du et al [103] used inferior vena caval
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injection to deliver shRNA-expressing vectors. They found

that shRNA therapy targeting Fas and caspase-8 in kidney

cells resulted in decreased expression of Fas and caspase-8 as

well as increased cytoprotection from IRI. Therefore,

systemic delivery of shRNA may provide a more clinically

applicable approach to gene silencing. These novel techni-

ques involving RNA interference have become the primary

means by which most researchers target specific genes for

silencing [103,104]. More studies investigating their use in

minimizing IRI after transplantation are warranted.
7. Ischemic preconditioning

Ischemic preconditioning (IPC), defined as one or more

brief episodes of ischemia before a longer period of

ischemia, has been shown to confer organ protection from

IRI. The benefits of IPC were first described in 1986 using

a canine heart ischemia model as an adaptive pathophys-

iological phenomenon [105]. Most studies evaluating IPC

involve warm IRI; however, IPC has also been extended to

cold preservation IRI models. Ischemic preconditioning has

been shown to protect the liver against cold ischemic injury

in an isolated perfused rat liver model through an oxidative

stress-dependent mechanism [106]. In rodent liver [107],

intestinal [108,109], kidney [110,111], sheep heart [112],

and canine lung transplant models [113], IPC has resulted

in significantly decreased IRI. More specifically, IPC has

prolonged survival after rat liver transplantation [114] and

has provided protection from IRI in rat steatotic liver

transplantation [115-117]. In contrast, IPC has not been

shown to be beneficial in the setting of pancreas trans-

plantation [118].

Despite excellent results in animal models, significantly

fewer studies have been performed using IPC in the clinical

setting. In 2 prospective randomized studies evaluating

warm IRI, patients undergoing partial liver resection were

subjected to IPC before prolonged portal triad occlusion. As

demonstrated by lower transaminase levels, there was

significantly less postoperative liver injury in the IPC group

when compared with controls. However, no differences in

postoperative liver function, morbidity, or mortality were

found between the groups [119,120].

More recently IPC has been attempted in clinical liver

transplantation. In an attempt to minimize cold preservation

IRI, Azoulay et al [121] compared donor IPC in 46 patients

undergoing deceased donor liver transplantation to a control,

nonpreconditioned group of 45 patients. Donor livers

underwent 10 minutes of ischemia followed by 10 minutes

of reperfusion before preservation. Postoperative peaks of

aspartate aminotransferase (AST) and alanine aminotransfer-

ase (ALT) were significantly less in the preconditioned

groups. However, initial poor function was significantly

higher in the preconditioned group compared with controls.

In univariate analysis, IPC was the only pretransplant factor

that was associated with initial poor function.
In a prospective randomized study, Koneru et al [122]

compared IPC (5 minutes ischemia with no defined period

of reperfusion before preservation, n = 34) to standard liver

recovery (n = 28) in liver transplant recipients. No

differences in IRI were seen between the groups. Jassem

et al [123] compared the outcomes of 9 liver transplant

recipients with preconditioned donor livers to 14 recipients

with nonpreconditioned livers. Ischemic preconditioning

was defined as 10 minutes of ischemia followed by variable

periods of reperfusion before preservation. The average time

between IPC and cold preservation was 30 minutes.

Although donor age was significantly greater in the IPC

group, IPC livers were associated with significantly lower

AST and lactate at 24 hours after reperfusion. Recipients of

IPC liver also had shorter intensive care unit lengths of stay.

Cescon et al [124] also studied IPC (10 minutes of

ischemia and 10 minutes of reperfusion, n = 9) in deceased

donor liver transplant recipients and compared them with a

standard recovery group (n = 14). Donor and recipient

demographics were similar between the groups. Based on

levels of aminotransferases, IPC significantly reduced IRI.

However, postoperative liver function as well as graft and

patient survival rates were similar between the groups. The

IPC group did not sustain a higher incidence of initial poor

function as was seen in the study of Azoulay.

These studies demonstrate that IPC can decrease the

extent of cold IRI after human liver transplantation.

However, no clinically significant benefit from the use of

donor IPC in liver transplantation has been shown to date.

This may be due to multiple variables that cannot be

controlled during the recovery, preservation, and implanta-

tion process and include management of the donor, organ

recovery techniques, as well as recipient factors. These

studies may lack sufficient power to demonstrate a survival

advantage in the clinical setting due to the variations among

the groups. In addition, the times used for IPC that have

been derived from multiple animal studies may not be long

enough to induce the protection needed to improve graft

survival. To identify a significant clinical benefit, it may be

better to study IPC only in a defined group of marginal

organs that are considered more vulnerable to IRI.

The use of IPC in clinical solid organ transplantation has

its limitations. Inducing a period of ischemia before cold

preservation to the donor organ has the potential to cause

vascular injury or worsen posttransplant function. In

addition, it cannot be used in the recovery of organs from

DCD donors seeing that the patient sustains cardiopulmo-

nary arrest before organ procurement. No clinical trials have

been published to date that examine the role of IPC in

human kidney transplantation. It is unclear why this has

been the case. Since the designation of ECD kidneys, it is

clear that the ECD kidney is more susceptible to IRI based

on the significantly higher rates of delayed graft function

and poorer graft survival. Its decreased use may be related to

the lack of validated biomarkers of renal IRI. Without these

biomarkers, investigators are unable to assess whether IPC
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is effective. In those instances, identifying a novel marker of

renal IRI would be an important step in evaluating the

protective benefits of IPC after cold preservation.
8. Postconditioning

In contrast to IPC, when protection is induced before the

onset of ischemia, postconditioning is defined as repetitive

brief cycles of reperfusion performed at the onset of

reperfusion. This method of protection from IRI has been

discovered within the last 3 years and has been documented

predominantly within the cardiac literature. The first study

to show a protective effect of postconditioning was

performed by Zhao et al [125] in a canine model of cardiac

IRI involving 1 hour of coronary occlusion followed by

3 hours of reperfusion. The postconditioning period con-

sisted of 3 cycles of 30 seconds of reperfusion followed by

30 seconds of coronary occlusion before 3 hours of

reperfusion. Infarct size, neutrophil accumulation, lipid

peroxidation, and endothelial dysfunction were significantly

reduced in the group undergoing postconditioning compared

with controls. When the initiation of postconditioning is

delayed for greater than 1 minute, the cardiac protection

from IRI is lost [126]. These data demonstrate that the

timing of intervention at the initiation of the reperfusion

process is critical to attain optimal protection from IRI.

Remote IPC from other organs has been shown to

provide cardioprotection from IRI [127,128]. A recent study

of remote postconditioning was studied in a rabbit model of

myocardial IRI. Rabbits were subjected to 30 minutes of left

anterior descending arterial (LAD) occlusion, followed by

3 hours of reperfusion. In the remote postconditioned group

after 24 minutes of LAD occlusion, the femoral artery was

occluded for 5 minutes and released for 1 minute before

3 hours of LAD reperfusion. The postconditioned group

sustained a significant reduction in infarct size, neutrophil

accumulation, and lipid peroxidation. These data suggested

that remote postconditioning could reduce oxidant-mediated

injury similarly to IPC and postconditioning [129]. In an

additional study using a rat model of brief renal ischemia

and reperfusion applied before coronary reperfusion, Ker-

endi et al [130] demonstrated that myocardial infarct size

was decreased in the rats undergoing remote postcondition-

ing in the kidney. Using adenosine antagonists, the authors

identified adenosine as an important mediator of protection

induced by remote postconditioning.

The mechanisms involved in postconditioning are not

clearly known but have some similarities with those

involved in IPC. Recent studies revealed that the protective

effects of postconditioning are mediated through the

recruitment of survival kinases such as phosphatidylinositol

3-kinase–protein kinase B/Akt and the p42/p44 extracellular

signal related kinase 1/2 pathways. These survival pathways

are also known as the reperfusion injury salvage kinase or

RISK pathway [131,132]. Although death kinases such as
p38 and the c-jun kinases (JNK-1 and 2)/stress activated

protein kinase have been shown to contribute to myocardial

IRI, their role in postconditioning is less clear [133].

Postconditioning has been used in the clinical setting in

2 published studies. In one study, 17 patients undergoing

percutaneous coronary intervention for acute myocardial

infarction were randomly assigned to a standard post-

conditioning protocol (n = 10) or a usual-care control group

(n = 7). In the 10 patients undergoing postconditioning, the

balloon was inflated for 90 seconds followed by deflation,

withdrawal proximal to the stenosis, and a period of

reperfusion between 3 and 5 minutes. This was followed by

readvancement of the balloon and an additional 90-second

inflation followed by reperfusion. Postconditioning resulted

in a reduction in the magnitude of ST elevation and a greater

rate of ST-segment resolution [134]. In a multicenter,

prospective, randomized, controlled study, 30 patients

undergoing coronary angioplasty were divided into a control

or postconditioned group. After reperfusion and within

1 minute of reperfusion, the postconditioned group under-

went 4 episodes of 1-minute balloon inflation followed by

1 minute of balloon deflation. Area under the curve of

creatine phosphokinase release was significantly reduced in

the postconditioning group compared with controls, suggest-

ing a 36% reduction in infarct size [135].

The use of postconditioning as a method of protection

has not made its way into the transplant setting; however,

results in animal and human studies of warm IRI demon-

strate encouraging results. Postconditioning may be more

beneficial to the transplanted organ than IPC. Because of the

oxidative burst that occurs at reperfusion of the transplanted

organ, it may be better to provide the protective intervention

at reperfusion instead of during organ recovery. Although it

remains controversial in animal studies of myocardial

IRI, the additive effects of IPC and postconditioning may

be beneficial in human transplantation and are needed to

be studied. In contrast to IPC, postconditioning could be

applied to the transplantation of DCD organs, seeing that

the intervention occurs during reperfusion in the recipient.

Although pharmacological strategies are more focused on a

specific step or pathway in the complex process of IRI,

both IPC and postconditioning act more globally and may

affect more protective pathways.

In conclusion, despite the ongoing research identifying

novel approaches of protection against ischemia and

reperfusion injury, there is still no accepted therapy used in

the clinical transplantation to minimize organ injury.

Because of the donor organ shortage and the current

emphasis to transplant organs that are more susceptible to

IRI, there is an urgent need to minimize IRI that occurs

during the whole transplant process. Injury to the graft

begins in the donor secondary to either the physiologic

processes involved with brain death or the warm ischemic

times associated with the recovery of organs from DCD. The

injury continues during cold preservation and is exacerbated

with reperfusion in the recipient. Most studies to date involve
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the institution of therapy at 1 or 2 time points during this

process. Because of the multiple, complex processes

involved in IRI, it is difficult to identify 1 or 2 mechanisms

or pathways to target for therapy to minimize injury and

achieve clinical benefit. It is likely that optimal therapy will

need to be instituted in the donor shortly after the declaration

of brain death, continue during cold preservation, during

reperfusion of the organ, and for a period of time in the

recipient after transplantation. The literature is filled with

studies identifying protective strategies against IRI in both

cellular and animal models. However, there are significantly

fewer studies involving specific protective therapies in

human transplantation. Future clinical studies using more

global approaches to minimize injury and combination

therapies at different time points in the transplant process

may be needed to achieve significant clinical benefit.
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