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Abstract 
 

Improvements in surgical techniques, immunosuppression, and patient management 

have led to the optimization of liver transplantation outcomes. However, the waiting list 

for liver transplantation is increasing at a greater pace. The large imbalance between the 

growing pool of potential liver transplant recipients and the scarcity of donor organs has 

fueled efforts to maximize existing donors and identify new sources. 

To expand the potential donor pool, clinical, and organ procurement agencies are 

continually modifying the criteria of an acceptable liver donor and are looking to 

marginal or expanded donors to meet the waiting list demands. This book chapter will be 

focused on the current state of liver transplantation using grafts from extended criteria 

donors (elderly donors, steatotic donors, donors with malignancies, donors with viral 

hepatitis) and from donation after cardiac death (non-heart beating donors), as well as the 

use of partial grafts (split grafts and living-donor liver transplantation) and other 

suboptimal donors (donors with hypernatraemia, infections, hypotension and inotropic 

support). Overall, broadened criteria for acceptable donor livers appear to lessen graft 

survival rates somewhat compared with rates for ideal donor organs.  

Donors are generally considered marginal if there is a risk of initial poor function or 

primary non-function. The present book chapter will discuss the factors defining 

marginality of a graft, the pathophysiology of the marginal donor, and the issues faced by 

transplant units in making the decision to use such a graft; along with strategies for 

minimizing the ischemia-reperfusion injury experienced by the organs. We will show the 

                                                        
*
 cperalta@clinic.ub.es. 

No part of this digital document may be reproduced, stored in a retrieval system or transmitted commercially
 in any form or by any means.  The publisher has taken reasonable care in the preparation of this digital 
document, but makes no expressed  or implied warranty of any kind and assumes no responsibility for any 
errors or omissions. No liability is assumed for incidental or consequential damages in connection with or 
arising out of information contained herein. This digital document is sold with the clear understanding that 
the publisher is not engaged in  rendering legal, medical or any other professional services. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 42 

experimental models used to study the complexity of hepatic ischemia-reperfusion injury 

in marginal donors. Data reported in animal models and the different strengths and 

limitations of the different experimental models will be also discussed. This is a valuable 

tool for discovering novel therapeutic targets and drugs. New surgical and 

pharmacological strategies for improving the function of the marginal/expanded donor 

liver also will be reviewed. This would be of clinical interest to reduce their prevalence 

and improve their management. As we will discuss in the book chapter, at this time the 

management of marginal donors is empirical, being currently based on clinical practical 

experience. We will show that further experimental research is needed to identify better 

tests for evaluating donor organs, provide longer-term follow-up of recipients of higher-

risk organs, and develop alternative means to fill the donor-organ shortfall. 

 

 

Introduction 
 

Liver transplantation has evolved as the therapy of choice for patients with end-stage 

liver disease. Improvements in surgical techniques, immunosuppression, and patient 

management have led to the optimization of liver transplantation outcomes. However, the 

waiting list for liver transplantation is increasing at a greater pace and each year a greater 

number of patients die while awaiting donor organs [1]. The large imbalance between the 

growing pool of potential liver transplant recipients and the scarcity of donor organs has 

fueled efforts to maximize existing donors and identify new sources.  

A major challenge for the transplant community is to develop strategies to close the gap 

between the number of patients in need of a transplant and the number of available organs. 

Scientists, clinical and organ procurement agencies are expanding the donor pool through two 

mechanisms. The first mechanism is using organs that were previously thought to be 

associated with an high risk of primary nonfunction (PNF) or initial poor function (IPF), so 

called extended criteria donors or marginal livers [2] (i.e. donors with steatosis, with 

malignancies, with viral infections, older or elderly donors, donors after cardiac death and 

others). These marginal livers considered unacceptable for transplantation, are now being 

transplanted, but the main difficulty is in defining the criteria that can be extended, because 

this criteria vary between centers and regions. The second way to expand the donor pool is 

through advances in medical practice, particularly surgical techniques including split liver 

transplantation (SLT) and living donor liver transplantation (LDLT), all of these will be 

mentioned along this book chapter. Although the organs from marginal donors may not be 

optimal, the high death rate on the waiting lists produced a stark choice between dying 

without a liver or proceeding with a liver that was perhaps not ideal [1]. It is known that the 

marginal grafts exhibit poor tolerance to Ischemia-Reperfusion (I/R). I/R injury is an 

important cause of liver damage occurring during surgical procedures including hepatic 

resections and liver transplantation (LT) [3]. Also, I/R injury is the underlying cause of graft 

dysfunction in marginal organs [1]. Moreover, I/R affect negatively the process of liver 

regeneration in surgical conditions including hepatic resections and small-for size LT [3].  

The present book chapter will discuss the factors defining marginality of a graft, the 

pathophysiology of the marginal donor, and the issues faced by transplant units in making the 

decision to use such a graft; along with strategies for minimizing the I/R injury experienced 

by the livers submitted to transplantation. We will show the experimental models used to 

study the complexity of hepatic I/R injury in marginal donors and the new surgical and 
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pharmacological strategies for manipulating and improving the function of the marginal 

organs. This would be of clinical interest to reduce their prevalence and improve their 

management. The ongoing effort to expand the pool of usable liver grafts has made it clear 

that a better understanding of the mechanisms of I/R injury and other consequences of using 

marginal grafts are critical to improving results with these grafts. 

 

 

Marginal Livers for Transplantation 
 

A marginal liver could be defined as an organ with an increased risk of IPF or PNF that 

may cause greater risks of morbidity or mortality in the recipient. However, there is no 

consensus, about the specific factors that define a graft as marginal or about which factors or 

combinations thereof should exclude the graft from use because of unacceptable risk to the 

recipient [4]. However, some of the marginal liver donor criteria used are as follows: Obesity 

(weight >100 Kg or BMI >27), Age >50 years; Macrovesicular steatosis >50%; Intensive care 

unit stay >4 days; Cold ischemia time >14 h; Prolonged hypotensive episodes of >1 h, and 

<60 mm Hg with high inotropic support (dopamine >14 μg/kg per minute); Hypernatremia 

(peak serum sodium >155 mEq/L); Viral infections; Sepsis and alcoholism; Extrahepatic 

neoplasia; Gender mismatch or Non-heart beating donors (NHBD) [5].
 
 

The severity of the resulting liver dysfunction is also determined in part by the degree of 

hepatic injury that occurs as a consequence of local and systemic haemodynamic changes in 

response to brain death, liver retrieval and implantation. These factors crucially influence in 

graft viability [6]. 

Broadly there are two categories of marginal livers [4]. Firstly there are livers which 

carry a high risk of technical complications and impaired function (i.e. steatotic donors, 

NHBD, elderly donors, split livers, and donors with high inotropic requirement). Secondly, 

grafts will be considered marginal if they carry a risk of transmission infection or malignancy 

to the recipient (i.e. donor with viral infections or donors with malignancy) (Table 1).  

 

Table 1. Marginal liver types 

 

Marginal Liver Types 

Marginal Graft Steatotic donors 

 Elderly or older donors 

 Non-heart beating donors 

 Donors with hypernatraemia 

 Donors with hypotension  

 Donors with viral infections 

 Donors with malignancies 

 Donors with infections 

Technical Variant Graft Split-liver transplantation 

 Living-donor liver transplantation 

 

Despite numerous retrospective studies, the impact of each donor variable on graft 

function and recipient survival is still under investigation because the contradictory results. 

Some investigators have indicated comparable results regarding graft function and patient 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 44 

survival after transplantation of marginal donors versus standard grafts, but most reports 

support a clear correlation between graft quality and post-transplant outcome. New concepts, 

especially the extended criteria donors scoring system by Cameron et al., [7] and the donor 

risk index (DRI) by Feng et al., [8] have allowed a more integral and quantitative assessment 

of the impact of extended donor criteria on post-transplant mortality and the risk of graft 

failure. According to Cameron et al., [7] a donor older than 55 years, donor hospital stay more 

than 5 days, cold ischemia time more than 10 h, and warm ischemia time more than 40 

minutes were identified as significant criteria with regard to recipient mortality and were 

assigned one score point each.  

Feng et al., [8] analyzed 20,000 transplants from the Scientific Registry of Transplant 

Recipients (SRTR) database and developed a DRI, which is calculated from seven donor and 

two transplant variables that were found to be independently associated with an increased risk 

of graft failure. These included donor older than 40 years, donor height, donation after cardiac 

death, split/partial grafts, cerebrovascular accident or other cause of death (except trauma, 

stroke, or anoxia), cold ischemia time, and organ sharing outside the local donor service area. 

Although a conclusive statement on the impact of graft steatosis could not be made due to 

incomplete data in the registry, the analysis of Feng et al., [8] highlights the relevant donor 

risk factors and supports a clear correlation between organ quality and post-transplant 

outcome.  

Actually, the use and acceptance of marginal livers varies between different transplant 

centers [9], therefore the decision to transplant a specific organ depends on the judgment of 

the transplant surgeon and consideration of the specific recipients, but even the consequence 

of using marginal grafts in a future, remains unclear. 

 

 

Types of Marginal Livers 
 

Steatotic Donors 
 

Hepatic steatosis is defined as lipid accumulation in hepatocytes. Is frequent in cadaveric 

organ retrievals and live donors, and has been reported in 9% to 26% of donors [10-12]. 

Given the steady increase in the mean age of cadaver donors and the overall increase in the 

prevalence of obesity it is expected a further increase in the prevalence of steatosis in both 

cadaveric and living donors [13]. This represents a large potential pool of donors. The 

potential use of steatotic livers for transplant, one of the most common types of organs from 

marginal donors, has become a major focus of investigation. However the clinical problem is 

still unresolved since steatotic livers are more susceptible to I/R injury and, when used, have 

poorer outcome than non-steatotic livers. Indeed, the use of steatotic liver for transplantation 

has been associated with increased incidence of PNF [5, 10, 14] and IPF [15]. Moreover, so 

nearly one third of all donated livers are discarded because their pathological conditions thus 

accentuating the problem in the shortage of organs [16]. Therefore, minimizing the adverse 

effects of I/R injury could improve outcomes in steatotic liver surgery, increase the number 

both of suitable transplantation grafts and of patients who successfully recover from LT.  

Some early studies have shown that graft steatosis is the most important variable in 

multivariate analysis of factors determining graft function after transplantation [17]. 
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However, steatotic livers can be transplanted safely with good results for long term organ 

survival especially if other contraindications for their use are absent [13]. 

The causes of hepatic steatosis are varied and include obesity, older age, alcoholism, 

diabetes mellitus, hyperlipidemia and postmortem nutritional changes [1]. Histologic patterns 

show there are two forms of steatosis encountered in liver grafts. 1) Macrovesicular steatosis; 

in which the fat vacuoles occupy most of the hepatocytes cytoplasm and displace the nucleus 

peripherally, and considered a more dangerous lesion. 2) Microvesicular steatosis, where the 

vacuoles are smaller and have a centrilobular distribution, which is commonly found in 

pathological conditions associated with mitochondrial injury such as some metabolic 

disorders, is largely reversible and does not tend to cause harmful consequences post-

transplant [18]. Severity of steatosis is traditionally graded as mild <30%, moderate 30–60%, 

and severe >60%. It has been shown that a scoring system that includes degree of steatosis 

and donor age correlates well with the outcome of fatty livers [19].  

The transplantation outcomes are not affected by hepatic microsteatosis, regardless of the 

severity and have been reported adequate function of livers [20]. In addition, grafts with mild 

macrosteatosis (<30%) can be safely used, assuming there are no other donor or recipient risk 

factors, because these livers show similar results to nonsteatotic grafts [21]. Donor livers with 

severe macrosteatosis (>60%) do have a significant risk of graft failure and should not be 

used for transplantation, unless there is an urgent situation requiring them to be used as a 

bridge [11]. The use of grafts with moderate steatosis (>30% and <60%) is controversial, 

because these may impose a relative risk on post-transplant outcomes. Previous reports have 

shown an increased incidence of PNF after LT from donors with moderate steatosis compared 

with nonsteatotic livers (13% vs 3%) [22].  

In the transplant setting, a method for determining and measuring the extent of steatosis 

remains imprecise and inconsistently reported. In particular, the distinction between 

macrovesicular and microvesicular steatosis is often cited as important, but the precise 

definition of these, the assessment macroscopically and microscopic and their relative 

quantification depends on the histological technique and the experience of the interpreting 

pathologist [23]. On gross examination of the liver, fatty livers are often yellow in color and 

contain blunted edges, in contrast to the more normal salmon color and sharp borders. 

However, for the moment microscopic assessment remains the “gold standard” for the 

diagnosis and quantitation of steatosis [4]. Liver biopsy of the donor liver and frozen section 

is the preferred method because of time constraints between graft retrieval and transplantation 

[24] and is considered to be mandatory in special settings.  

Recent studies, have shown that ultrasonography, computer tomography and magnetic 

resonance all display a reasonably good specificity for the diagnosis of steatosis, but also 

have an unacceptably low sensitivity compared to histology, with the only exception of cases 

of massive steatosis. Unfortunately, current imaging methods are inaccurate and inadequate in 

the quantitation of liver steatosis and do not distinguish clearly between the microvesicular 

and the macrovesicular types [25]. Other tools like, biomechanical impedance and transient 

elastography (Fibroscan) have been shown to predict steatosis/fibrosis, and the use may be 

extended in assessment of the donor liver [26]. With increasing prevalence of steatosis in the 

donor population, more surrogate markers of organ quality are needed.  
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Elderly or Older Donors 
 

Donor age steadily increased over recent decades. In 1994, only 20% of deceased donors 

were 50 years or older. This percentage increased by more than 150% in the year 2004 [27]. 

Initially donor age >50 years was once considered a contraindication to liver donation 

because it was thought to be associated with poor graft outcomes, although some studies 

suggested that older than 50 years without additional risk factors have similar outcomes 

compared to younger donors [28, 29]. Therefore, given these later results, age itself should 

not be a contraindication to liver donation. However, Busquets et al., [30] reported that liver 

grafts from donors >70 years of age had a relative risk of 1.4 and 1.7 for long-term graft 

failure and mortality, respectively. More recent studies using the large databases of either 

SRTR/ United Network for Organ Sharing (UNOS) or European Liver Transplantation 

Registry (ELTR) clearly identified donor age as an important risk factor for poor outcome 

after LT [31].
 
 

In contrast to other organs, the liver may be more immune to senescence, particularly in 

the otherwise healthy person. This is possibly because of the liver’s large functional reserve, 

regenerative capacity, and dual blood supply, which exceeds its metabolic needs [32, 33]. On 

the other hand, older donor livers tend to be smaller (in weight and volume) and darker-

colored, and may have developed fibrous thickening of the capsule [34] than younger livers, 

as well as blood flow are reduced with aging [35]. Whether these morphologic changes 

impact on organ function after transplantation remains to be elucidated. It has been shown 

that older donor livers are more susceptible to endothelial cell injury from cold ischemia and 

show decreased ATP synthesis after reperfusion, which may influence the decreased 

regenerative capacity [36] and decreased synthetic function [37]. 

Some factors including steatosis or prolonged ischemia could contribute to the poor post-

transplantation outcomes from elderly donors [38]. Attention should be paid to the possible 

effects of atherosclerosis on arterial vessels. Calcified plaques on the hepatic artery might 

result in severe complications [39]. Elderly donor also appears to have an additive adverse 

effect on liver recipients with hepatitis C virus (HCV). [40]. Also donor age may be important 

in recipients with primary biliary cirrhosis as this can adversely affect their outcome [41]. 

Transmission of malignancy is another consideration with aged donors because of the higher 

incidence of unrecognized malignancies in the elderly [42]. 

 

 

Donation after Cardiac Death  
 

This group of organs forms the basis for most organ donation and in the last few years 

has seen a considerable renewal of interest in NHBD also referred to as donation after cardiac 

death as a potential to increase the pool of available organs [4]. The potential contribution of 

NHBD is difficult to estimate, however it has been reported to comprise between 4% and 

20% of transplanted grafts among centers with high rates of use [43]. 

NHBD are divided into controlled and uncontrolled donation based on Maastricht 

classification in order to underline differences in clinical practice and graft outcome.
 

Controlled donations occurs with a circulatory arrest after planned withdrawal of life support 

equipment, most often in an intensive care unit in a controlled environment with a donor 

surgical team available. In uncontrolled donation, the donor death occurs completely 
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unplanned, outside the hospital or in the emergency room following an unplanned cardiac 

arrest with unsuccessful attempt of resuscitation [44]. In controlled NHBD, warm ischemia 

time can be accurately assessed, cold ischemia can be minimized, therefore are comparatively 

far less prone to ischemic damage and tend to offer superior post-transplant function [45]. 

This was not the case for uncontrolled NHBD since in this clinical situation, the organs suffer 

severe ischemic insult. Liver allograft survival from uncontrolled NHBDs has been poor 

(17% to 41%) [46].  

Ischemic time has been shown to be extremely important when NHBD are considered 

[47]. If warm ischemic time is restricted to below 30 minutes and cold ischemia time less than 

10 h, graft survival rate in the NHBD group has been found to be 81% and 67% at 1 and 3 

years respectively, which is not significantly different from recipients of brain dead donors 

[48]. Results from uncontrolled NHBD were less good, being graft survival at 2 years of 55%. 

The use of uncontrolled NHBD livers was also associated with significantly higher incidence 

of PNF, IPF and biliary complications [49].  

It is likely that further refinements in patient selection, operative technique and 

preservation solutions will improve the results and utility of NHBD and potentially expand 

the donor pool by 20–30% [43]. 

 

 

Donors aith Hypernatraemia 
 

Hypernatremia was shown to be one of five variables with prognostic value in predicting 

graft survival after transplantation [50]. Some studies have suggested that donors with 

hypernatraemia can affect graft function and increase the risk of graft loss [51]. The 

mechanism for the deleterious effect of elevated donor sodium on graft function is thought to 

be a result of cell swelling, increased osmolality and exacerbation of reperfusion-mediated 

injury [1]. The cause of hypernatraemia could be related to derangement of fluid balance and 

diabetes insipidus in potential donors [51]. In a study investigating the peak donor sodium 

level and the corrected sodium level at the time of retrieval, it was found that hypernatraemia 

(sodium >155 mEq/l) was associated with 18.5% rate of PNF compared with 3.4% in the 

normal sodium group. With the correction of hypernatraemia before procurement, this rise in 

the PNF was no longer found [51]. Another pilot study at University of California examined 

the effects of infusing 5% dextrose (D5W) in water through the inferior mesenteric vein 

before harvesting the organ if the donor sodium level was greater than 160 mEq/L. In the 17 

donors that received the D5W to decrease hypernatremia, the rates of recipient DNF/PNF 

were 0% compared with a group of historical controls that experienced a 60% incident of 

delayed non-function/PNF [1]. 

 

 

Donors with Hypotension and Inotropic Support 
 

Previous UNOS data have shown that donor organs subjected to prolonged hypotension 

have no significant increase in post-transplantation graft loss. However, graft loss was 

increased in liver transplant recipients when donors received norepinephrine [52]. In other 

studies, dopamine dose >10 μg/kg/min [50]
 
or 6 μg/kg/min [53]

 
had a significant effect on 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 48 

early graft function. However, other factors such as age and fat content may modify these 

effects in either direction. 

Briceño et al., [54]
 
reported that unstable donors with high doses of inotropic drugs have 

an increase in severe preservation damage rate, and trends to normalize hemodynamic status 

in brain-death donors did not correct liver dysfunction. Probably, time-dependent 

administrations of high-dose dopamine and epinephrine have a harmful effect on liver 

function. 

 

 

Donors with Viral Infections 
 

Potential donors with positive viral infections should not be completely ruled out from 

the donor pool [4]. Viral infections such as hepatitis B, hepatitis C are routinely screened in 

potential donors and are frequently knowingly transmitted because, for the most part, there 

are effective treatments for these viruses in immunosuppressed hosts. Thus, despite a 

relatively efficient transmission of these viruses and documented deaths that are directly 

related to them, donors testing positive for these viruses are routinely considered suitable 

[55].  

- Hepatitis B virus (HBV): Approximately 5% of people worldwide are chronically 

infected with hepatitis B. Overall, 15% of those chronically infected go on to develop 

cirrhosis, and an additional 20% will require LT. Acquisition of the HBV remains a concern 

after LT because the majority of the infections occur via transmission by the donor liver [56], 

but some donors with past exposure to HBV infection can be used selectively in some 

recipients.  

Donors who are hepatitis B surface antigen negative (HBsAg-) but hepatitis B core 

antigen positive (anti-HBc+) have transmitted HBV infection to liver recipients who are 

HBsAg- at a rate of 33% to 78% [57]. Early studies of the use of hepatitis B core antibody 

positive allografts to treat HBV+ recipients suggested that the risk of HBV transmission was 

extremely high and carried a high mortality. However in patients who are immune to HBV 

(previous vaccination) it has been found to be safe to use these organs [58]. In recipients with 

active HBV infection or in desperate circumstances these organs have been used safely in 

combination with antiviral prophylaxis and immunnoglobulins [55,59,60]. Additionally, 

donors with positive hepatitis B surface antibody (anti-HBs) do not appear to transmit HBV 

infection after LT [59]. 

The development of combined prophylaxis with hepatitis B immune globulin (HBIg) and 

lamivudine has proved effective not only against HBV recurrence but also against de-novo 

HBV infection or transmission in recipients of anti-HBcAb+ livers [59,61,62]. Nery et al., 

[61] reported that of 62 recipients of anti-HBc+ livers, 60 were serologically free of HBV 

infection under combined or lamivudine monotherapy. These data suggest that the use of 

HBcAb + grafts are comparable with core antibody negative grafts and that survival was 

improved with dual immunoprophylaxis [44,55]. In addition, Prieto et al., [56] reported that 

post-transplant HBV infection developed in 15 of 30 recipients of livers from anti-HBcAb+ 

donors compared with 3 of 181 livers from anti-HBcAb-donors. Recipients of livers from 

anti-HBc+ donors are at high risk for acquiring HBV infection, whereas recipients of livers 

from anti-HBs+ donors are significantly less likely to acquire HBV infection, and this latter 

group may play a role in expanding the donor pool [1]. 
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- Hepatitis C virus (HCV): About 5% of all potential organ donors are positive for 

antibody to HCV [63], and the transplantation because of HCV cirrhosis has increased 

because of the greater prevalence of the virus in the last 15 years [64]. Initially, the use of 

HCV+ donor organs in LT was a source of great controversy and not commonly practiced. 

Underlying this practice was a concern for increased risk of aggressive viral recurrence in 

patients receiving HCV+ grafts. LT for recipients with HCV cirrhosis from HCV+ donors 

were found to provide graft survival that is equivalent to HCV- grafts to HCV+ recipients 

[65]. Short-term studies in the early 1990s showing no difference in outcomes of HCV+ 

grafts and increasing donor shortages allowed for the use of HCV+ donor grafts in recipients 

with HCV to expand the donor pool. Long-term follow-up in the late 1990s confirmed that 

the use of grafts from HCV+ donors is safe and that patient and graft survival are not affected 

[66]. Recurrence rates of hepatitis C, manifested by mild chronic hepatitis, fibrosis, or 

cirrhosis have been reported to be 54.55% in HCV+ donor grafts when compared with 

41.74% in HCV- grafts. Patient and graft survival at 4 years post-transplant in HCV+ donor 

grafts have been shown to be 83.9% and 71.9% versus 79.1% and 76.2% in HCV- donor 

grafts [66]. Similar rates of HCV recurrence, patient survival, and graft survival have been 

reported by different centers using HCV+ liver grafts for patients requiring transplantation for 

HCV cirrhosis [65]. Moreover, in an report by Marroquin et al., [67]
 
showed that patient 

survival at 2 years was significantly higher in HCV+ recipients of HCV+ grafts than in HCV+ 

recipients of HCV− grafts (90% vs 77%). In contrast, other studies indicated that in patients 

with HCV related liver disease, there was no significant patient survival difference between 

the patients who received HCV+ grafts and who received HCV− grafts [68]. 

In general, it is obvious that livers from donors with active on going hepatitis and/or 

fibrosis should not be used for transplantation. In donors with a history of such infection, 

there have been recommendations for a routine liver biopsy before use of a graft for 

transplantation. A scoring system has been derived in order to aid the decision of whether a 

graft should be used for transplantation in this setting [69]. 

 

 

Donor with Malignancies 
 

Quantification or calculation of the true risk of donor transmitted malignancies has been 

difficult because of underreporting to the Organ Procurement and Transplantation 

Network/UNOS registry [1]. 

The transmission of donor-derived malignancies to recipients with catastrophic outcomes 

has been reported [70]. Certain tumor types, such as glioblastoma, astrocytomas and 

medulloblastoma, as well as tumours that have breached the blood brain barrier following 

ventriculoperitoneal shunts or surgery along with cerebellar tumours and previous prolonged 

chemotherapy for such tumours carry a higher risk of transmission and should be avoided 

unless the recipient status warrants the extra risk [71, 72].  

According to UNOS database, 2.7% of deceased donors have a history of cancer. 

Between 2000 and 2005, grafts from donors with a history of malignancy were used in 891 

liver transplants. The most common cancers were nonmelanoma skin cancer (n = 306) 

followed by central nervous system (CNS) malignancies (n = 179) and carcinoma of the 

uterine cervix (n = 108). Forty-five donors had a history of melanoma [73]. Presumably, none 

of the donors had any evidence of active malignancy, with the exception of nonmelanoma 
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skin cancers such as basal cell carcinoma and squamous cell carcinoma and CNS malignancy. 

During the study period, only two donors transmitted a fatal malignancy to recipients [73]. 

Given earlier reports, livers from donors with a history of melanoma or gliobastoma should 

not be used for transplantation [73, 74]. 

Buell et al., [75] have reported an overall transmission rate of CNS tumors of 23%. If 

donors have high-grade malignancies and/or risk factors, recipients face an increased 

incidence of tumor transmission of 53%. Risk factors include surgical shunts, previous 

craniotomy, or previous prolonged chemotherapy. These high-risk donors also should be 

avoided.  

It is left to the judgement of the transplanting team that determine the use of these organs 

under certain circumstances. 

 

 

Technical Variant Grafts 
 

In an attempt to expand the size of the donor pool, a number of surgical techniques have 

been developed over the past 15 years, including SLT and LDLT [76]. Couinaud’s [77]
 

anatomical classification and later refined by Bismuth [78]
 
permits the creation of partial liver 

grafts from either deceased or living donors. Couinaud’s classification divides the liver into 

eight independent segments, each of which has its own vascular inflow, outflow, and biliary 

drainage [77]. Segments IV to VIII are used for adults, whereas left lateral lobes (segments II 

and III) or left lobes (segments II, III, and IV) are used for pediatric recipients. Bleeding, 

bilomas, and portal vein thrombosis are complications related to the procedure itself, which 

are associated with an increased number of re-operation. 

 

 

Split-Liver Transplantation 
 

Initially, Bismuth and Houssin in 1984, transplanted the left lateral segment of the left 

liver lobe from a cadaveric donor into a small child and discarded the remainder of the donor 

liver [79]. But the first SLT, was performed in 1988 allows the division of the one adult donor 

liver together with its vascular and biliary structure, in two functional grafts [80]. This was a 

new approaches for expanding the supply of liver grafts for children without affecting the 

supply for adults [81], but the use of one liver to obtain two grafts is limited by the fact that a 

small number of children and a large number of adults are candidates for LT. Therefore SLT 

is a well-established technique for addressing the organ shortage, but because of technical and 

logistic issues in both donors and recipients, accounts for only 4% of LT [82].  

SLT is performed either ex situ or in situ. Both have different but distinctive advantages 

and disadvantages and the choice depends on surgeon preference, centre infrastructure and 

geographical location [9]. While splitting was originally performed as an ex vivo procedure, 

the initial results was poor because of a high incidence of PNF of the graft and some technical 

problems [83]. A modified in situ liver splitting was introduced to decrease cold ischemic 

time, prevent blood loss after reperfusion, reduce biliary complications and decreases the rate 

of PNF as compared with ex situ apportioning [84]. It is performed by transplanar dissection 

and careful preservation of lobar vasculature and biliary anatomy before aortic cross-clamp 
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and preservative flush. So far, there is no consensus on which technique is superior because 

both techniques demonstrate similar patient and graft survival rates compared with whole 

liver grafting [80].  

Conventionally, the majority of livers have been split to produce a left lateral segment or 

left split grafts (segments II and III) for a child [85] and a right lobe graft (segments I and IV-

VIII) for an adult recipient [86], with excellent outcomes (Figure 2). The use of SLT and live 

donation has greatly reduced mortality of children waiting for LT [85]. Oswari et al., [87] 

show that in a total of 251 liver transplants, 30 were split grafts. In the same line, Yersiz et al., 

[88]
 
reported on 100 livers that were split in situ, yielding 190 grafts for transplantation. Left 

lateral segments grafts were transplanted to pediatric recipients and right lobe graft were 

transplanted to older children and adults. Patient and graft survivals were equal to those in 

1086 recipients of cadaver whole-organ grafts during the same time period. Wilms et al., [86] 

compared the outcome of 70 right lobe grafts and 70 whole-liver grafts in adults. At a mean 

of 36 months, 2-year patient and graft survivals were similar between SLT and whole LT. 

There was no increased incidence of graft dysfunction secondary to small-for-size syndrome, 

because the right lobe grafts contained approximately 80% of the standard liver volume. 

Wilms et al., [86]
 
concluded that SLT did not put adult recipients at increased risk of 

morbidity or mortality. Overall many studies support the view that split grafts have an 

equivalent outcome to whole grafts [89].  

Successful SLT in two adults has also been reported [89-91]. Humar et al., [89] observed 

good outcomes, with no PNF, in 10 of 12 adult in situ split-liver recipients. Azoulay et al., 

[90] also reported acceptable results in 34 adult recipients of grafts split either ex situ (n = 30) 

or in situ (n = 4). PNF occurred in 3 of 17 left split-liver grafts, but in none of the 17 right 

split-liver grafts. Graft survival of left split-liver grafts at 2 years was inferior to whole-liver 

grafts (43% vs 85%) and was adversely affected by graft steatosis and a graft-to-recipient 

body weight ratio of less than 1%.  

Left and right lobe splitting for two adult recipients have a high risk of small-for-size 

syndrome [91] because the liver is of large volume and the metabolic demands for the 

individual are not met. Small for size can be determined as either a graft weight/recipient 

weight ratio of less than 0.8% [92] or a graft volume/standard liver volume ratio of less than 

40% [93]. High rates of hepatic artery thrombosis, PNF and biliary complications reflect the 

technical difficulties to be overcome, in addition to problems associated with small-for-size 

syndrome [91].
 
It is also noted that biliary complications are higher in split grafts compared to 

whole grafts with an incidence up to 26% in some series [87, 94]. One strategy to reduce this 

problems, is use these partial grafts for patients deemed as “less sick,” such as with lower 

Model for End-stage Liver Disease (MELD) scores with the thought that they are better able 

to tolerate the complications of SLT and the need for reoperation [89]. 

The acceptable outcomes make SLT as an immediate option to expand the donor pool, 

with high impact from both cadavers and living donors. SLT for two adults can increase the 

number of recipients and is possible in about 15% of optimal cadaver donors [95]. Moreover, 

if this technique is widely used, the supply of liver grafts from cadaveric donors could be 

almost doubled.  
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Living-Donor Liver Transplantation 
 

LDLT offers another source of liver grafts that can be used to expand the donor pool 

[24], is unique because the liver donor graft is directed to only one specified candidate, 

obviating the need for an allocation system. The introduction of LDLT has been one of the 

most remarkable steps in the field of LT. Initially described in 1969 by Smith [96] using 

animal models and the first human cases were reported in 1989 by Raia et al., [97]. In 1996, 

Lo et al., [98]
 
performed the first successful LDLT using an extended right lobe from a living 

donor for an adult recipient. 

The application of LDLT is associated with some well-documented advantages: 1) 

Transplantation can be performed on an elective basis before serious decompensation of the 

recipient (i.e. optimal timing; no waiting time). 2) Graft is of excellent condition (i.e. 

preselected organ quality and healthy donor) [14]. 3) Ischemic time is short (i.e. 

complications because of preservation injuries are absent). 4) Possibility to schedule surgery 

electively of LT for recipients. 5) Extended indications, who might otherwise not be eligible 

for standard deceased donor LT (i.e. reduced risk of the recipient dying on the waiting list and 

allowing the recipient to be medically stabilized) [99]. However, LDLT has disadvantages as 

well: a higher rate of surgical complications for both the donor and recipient, a higher 

incidence of vascular (5-15%) and biliary (10-30%) complications and a potential risk of 

small-for-size syndrome [100]
 
in which the recipient fails to sustain adequate metabolic 

function. Small grafts require posterior regeneration to restore the liver/body ratio and it’s 

well known that I/R significantly reduce liver regeneration. Therefore, careful selection of the 

donor and recipient is crucial to minimize risks and complications to obtain acceptable 

outcomes in LDLT [42]
 
and favoring the recovery and functioning of the transplanted organ. 

The complications of adult LDLT are higher than for whole graft transplantation [9]. Some 

technical advances required to overcome initial problems encountered with LDLT has led to 

the use of techniques like middle hepatic vein inclusion or reconstruction, hemi-portocaval 

shunts, splenic artery ligation or dual grafts [101, 102]. 

Initially, the recipients in LDLT were mostly children, but with growing expertise with 

right lobe donation, LDLT today is also a valuable option for adult recipients, although 

mortality is higher to for adult to adult compared to adult to child donation. This is explained 

by the fact that adult to adult donation mostly encompasses a right lobe (for the graft-size 

disparity) and adult to children mostly a left lobe donation.  

Left lobe donation has been associated with a lower mortality, compared to right lobe 

[100]. However, the incidence of small for-size syndrome was 25% in left-lobe recipients 

versus 6% in right-lobe recipients [103]. Comparing outcomes of adult-to-adult LDLT versus 

deceased donor LT, the graft survivals was of 87% and 81%, respectively [104]. Also, Foster 

et al., [105] compared the outcomes after adult-to-adult LDLT to those after deceased donor 

LT using nationwide databases. The patient survival rates after LDLT were similar to those 

after deceased donor LT. Man et al., [106] found that patients implanted with grafts less than 

40% of standard liver weight suffered from transient portal hypertension after reperfusion and 

inflammation, which may account for the small-for-size graft injury. 

 



Expanding the Donor Pool in Liver Transplantation 53 

 

Figure 1. A) Standard technique of whole liver implantation. B) Split liver transplantation into an adult 

and pediatric recipient. C) Reduced-size segmental graft technique. D) Orthotopic reduced-size 

transplant using the left hemiliver. 

 

Role of Ischemia-Reperfusion Injury in Liver 
Transplantation from Marginal Donors  

 

As mentioned in this review, I/R affect negatively damage and regeneration in marginal 

livers submitted to transplantation. A large number of factors and mediators play a part in 

liver I/R injury [107]. The relationships between the signaling pathways involved are highly 

complex and it is not yet possible to describe, with absolute certainty, the events that occur 

between the beginning of reperfusion and the final outcome of either poor function or a non-

functional liver graft. 

Cold preservation decreases metabolic activity 10-fold, and increases anaerobic 

metabolism and lactic acidosis, therefore resulting in mitochondrial energy uncoupling. 

Depletion of ATP during ischemia causes loss of transcellular electrolyte gradients, influx of 

free calcium and the subsequent activation of phospholipases, and therefore is the main 

contributor for cell swelling and lysis. Ischemia creates the basis for the subsequent 

production of toxic molecules after reperfusion, particularly reactive oxygen intermediates, 

the basis of the cascade of events that characterize the I/R injury. Even with the most 

effective preservation solutions, cold storage aggravates graft injury at the time of 

transplantation.  
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The prolonged times of ischemia affect negatively the post-transplant outcome from 

marginal livers. Indeed, liver grafts with more than 14 h of cold ischemia have been 

consistently associated with a two-fold increase in preservation damage resulting in 

prolonged postoperative course, biliary stricture, and decreased graft survival. The length of 

cold preservation has been associated with sinusoidal cell damage and hypercoaguability [1]. 

The vulnerability of individual grafts to cold ischemia time varies depending of the type of 

the liver. Total ischemic times of less than 12 to 16 h are well tolerated by donor livers 

without any risk factors, but not by marginal grafts. In liver preservation with University of 

Wisconsin (UW) solution, the incidence of I/R injury and PNF is quite low if recipients are 

transplanted with non-marginal grafts. In marginal grafts, however, with such risk factors as 

steatosis, donor age, donation after cardiac death donor, and reduced size, it is essential that 

cold ischemia time be minimized [42]. 

Several hypotheses have been suggested to explain the decreased tolerance of marginal 

liver to reperfusion injury. For instance, in the case of steatotic livers, the impairment of the 

microcirculation is considered a major event of reperfusion injury [108]. A reduction in 

hepatic microcirculation has been observed in human fatty donor livers and in experimental 

models of hepatic steatosis. In addition, fatty accumulation in the cytoplasm of hepatocytes as 

occurs in steatotic livers or elderly donors, is associated with an increase in cell volume that 

reduces the size of the hepatic sinusoid space by 50% compared with a normal liver and may 

result in partial or complete obstruction of the hepatic sinusoid space altering the 

infrastructure of the cell itself by displacing the surrounding organelles [108].
 
This cause a 

hepatic blood flow reduction. During transplantation, the inherently high microvascular 

resistance and markedly reduced flow in the sinusoidal lumen of the fatty liver might lead to 

impaired perfusion by cold preservation solution during organ retrieval. Blebs and solidified 

fat globules released into the sinusoidal space at the time of hypothermia further compromises 

the microvascular space and impairs hepatic microcirculation [108]. It has been postulated 

that marginal livers are more susceptible to lipid peroxidation because of either their lower 

antioxidant defenses or their greater production of reactive oxygen species (ROS) form 

mitochondria or xanthine/xanthine oxidase (XDH/XOD) system or both [109]. Neutrophils 

have been involved in the increased vulnerability of steatotic livers to I/R injury, especially in 

alcoholic steatotic livers. Increased endoplasmic reticulum (ER) stress may be involved in the 

sensitivity of other marginal grafts to I/R injury, such as steatotic livers grafts and liver grafts 

from aging donors. Indeed, aging donors have an increased incidence of steatosis, which may 

favor cold preservation injury [110]. Alterations in the activation of inflammatory 

transcription factors and expression of cytoprotective proteins, increased intracellular 

oxidants and decreased mitochondrial function and protein misfolding accumulation, and 

aggregation also characterize many age-related diseases [111]. Differences were also 

observed when we analyzed the role of the renin-angiotensin system (RAS), as the 

nonsteatotic grafts exhibited higher angiotensin-II (Ang-II) levels than steatotic grafts 

whereas steatotic grafts exhibited higher Ang-(1-7) levels [112].
 
In the context of I/R injury 

associated with LT, the axis ACE-Ang II-ATR and ACE2-Ang-(1-7)-Mas play a major role in 

nonsteatotic and steatotic grafts, respectively. Moreover, reduced retinol binding protein 4 

(RBP4) and Toll-like receptor 4 (TLR4) levels and increased peroxisome proliferator-

activated receptor gamma (PPARγ) levels were observed in steatotic livers compared to non-

steatotic livers [113, 114].
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In NHBD, the heart has stopped when aortic flush commences. During this time, 

metabolic activity persists in an anoxic environment leading to an increase in intracellular 

acidosis and accumulation of lactate. Aerobic metabolism converts to an anaerobic state, and 

ATP stores are rapidly depleted leading to cellular electrolyte imbalances and an increase in 

harmful inflammatory mediators and proteases ultimately resulting in cell death. In cold 

preservation at 4°C, ATP stores are depleted less rapidly [115]. All these aspects make the 

organs suffer severe ischemic insult. It is necessary to assess the parameters involved in the 

development of PNF in livers from NHBDs in order to improve their viability. The risk of 

PNF is unacceptably high (>50%) when livers are exposed to >30 minutes of warm ischemia 

before a short cold ischemia period. In a porcine NHBD LT model, the cold preservation of 

liver grafts is shortened from 20 to 12 to 6 h when warm ischemia time is prolonged from 10 

to 20 to 30 minutes. Only liver grafts within these time limits could be safely transplanted 

[116]. Ma et al., [117] investigated the histological and ultrastructural characteristics of liver 

grafts during different warm ischemia times in rats and found that the morphological changes 

are positively related to warm ischemia injury in a time-dependent manner during the 

reperfusion period. Therefore they consider that a rat liver graft undergoing warm ischemia 

injury is in the reversible stage when the warm ischemia time is within 30 minutes. A 45-

minute warm ischemia time may be a critical point for a rat liver graft to endure warm 

ischemia injury. When the warm ischemia time is over 60 minutes, the damage is irreversible. 

In NHBDs, PNF is associated with more activated Kupffer cells in recipients, by higher 

production of tumor necrosis factor (TNF-α) and interleukin-6 (IL-6), with lower alpha-

tocopherol and reduced glutathione [116]. 
 

 

 

Surgical and Pharmacological Strategies in Liver 
Transplantation from Marginal Donors  

 

Effective measures have been taken to improve outcomes when using these marginal 

livers, include rapid cooling after arrest and minimization of both cold (<8 h) and warm 

ischemia time. In addition several approaches are being explored to improve the viability of 

marginal liver grafts, including improvements in donor organ perfusion and preservation 

methods, additives to preservation solution, pharmacological treatments (modulators of 

rennin-angiotensin system, modulators of activating pro-survival kinase cascades, 

adipocytokines derived from liver or adipose tissue, antiapototic strategies, inflammatory 

cytokines, energy status enhancement, microcirculation amelioration, antioxidant usage), 

gene therapy, surgical technicals (i.e. ischemic preconditioning) and others. 

 

 

Static Organ Preservation and Preservation Solutions 
 

Static cold storage (SCS) is the most commonly used preservation method used for all 

organs. The principles underlying cold preservation are the slowing of metabolism (by 

cooling) and the reduction of cell swelling due to the composition of preservation solutions. 

The introduction of the UW solution by Belzer for SCS was a breakthrough and remains the 
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conventional method of preservation [118]. Some additives used in preservation solutions for 

marginal liver grafts are listed in table 2 and show below. 

- Trimetazidine and AICAR: Trimetazidine (TMZ), has been used as an additive in UW 

solution to protect steatotic livers exposed to prolonged cold ischemia in an ex vivo model of 

hepatic ischemia [119]. This could be of interest since irreversible injury has been reported in 

liver grafts preserved in UW after prolonged cold ischemic periods (between 16 h to 24 h) 

[119]. Studies examining the underlying protective mechanisms of TMZ suggest that 

mitochondria, energy metabolism, oxidative stress and microcirculation might be important 

targets through which TMZ exerts its cytoprotective effect [119]. Similarly to the benefits of 

TMZ, the addition of AMP-activated protein kinase (AMPK) activators to UW solutions such 

as 5-amino-4-imidazole carboxamide riboside (AICAR), protected steatotic livers against 

their vulnerability to I/R. TMZ, by means of AMPK, increased nitric oxide (NO), thus 

protecting steatotic livers against their vulnerability to I/R injury [119]. Taking these 

observations into account, TMZ and AICAR may constitute new additives to UW solution in 

steatotic liver preservation, whereas a combination of both seems unnecessary. 

- Polysol and Glucagon: Hata et al., [120] show that Polysol preservation substantially 

suppressed the deleterious mitochondrial alterations in steatotic livers resulting in 

significantly better integrity and function. Also glucagon has been used as additive in UW 

solution to increase the cAMP signal in the liver. Upon reperfusion, liver integrity 

significantly improves after glucagon administration, with 66% reduction in transaminases 

and a threefold increase in hepatic bile production as compared with untreated livers. 

Treatment of damaged livers by glucagon enhances cAMP tissue levels during ischemic 

preservation and improves hepatic integrity upon reperfusion. This may represent a promising 

approach for the use of livers from NHBDs in clinical transplantation [121].  

- Serine protease and Streptokinase: Pretreatment with serine protease inhibitors has 

been shown to minimize the damage caused by warm ischemia in experimental models in 

NHBDs [122]. Addition of antithrombolytic drugs (Streptokinase) to the perfusion solutions 

improved the microcirculation of livers after warm ischemia and may thus represent a 

promising approach to attenuate parenchymal cell injury in liver graft retrieval from NHBDs 

[123]. It is well known that the integrity of liver grafts from NHBDs is additionally affected 

by microvascular alterations, including erythrocyte aggregation and thrombus formation, 

which might hamper appropriate equilibration of the preservation of grafts microvasculature, 

precluding cold preservation. In the same line, the elimination of Kupffer cells reduced 

thromboxane B2 and cytokines and improved sinusoidal microcirculation in NHBDs [124].
  

- N-acetylhistidine: Recently, a modified histidine-tryptophan-ketoglutarate (HTK) 

solution that contains N-acetylhistidine, amino acids and iron chelators (HTK-N) has been 

developed. Liu et al., [125] demostrates that HTK-N protect liver grafts with microvesicular 

steatosis caused by toxic injury from cold ischemia injury better than standard HTK most 

likely via inhibition of hypoxic injury and oxidative stress and amelioration of the 

inflammatory reaction occurring upon reperfusion.  

Epidermal growth factor (EGF) and Insulin growth actor (IGF-I): The results, based on 

isolated perfused liver, indicated that the addition of EGF and IGF-I, separately or in 

combination to UW reduced hepatic injury and improved function in steatotic and non-

steatotic types. EGF increased IGF-I, and both additives up-regulated AKT in both liver 

types. This was associated with glycogen synthase kinase-3β (GSK3β) inhibition in non-

steatotic livers and PPARγ over-expression in steatotic livers [126].
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Table 2. Some additives in preservation solution used as strategies in marginal donors 

 

Marginal 

Donor 

Additive Model Effects 

 

 

 

 

 

 

Steatosis 

 

Erythropoietin (EPO)  Mice 

Isolated 

Perfused 

↓ Hepatic injury 

TMZ   

 

 

Rat 

Isolated 

Perfused 

 

↓ Hepatic injury, oxidative stress ↑ 

Cytoprotection 

AICAR (AMPK activator) ↓ Hepatic injury ↑ Hepatic functionality 

TMZ and AICAR ↓ Hepatic injury ↑ Hepatic functionality 

EGF ↓ Hepatic injury ↑ IGF-1 and PPARγ 

EGF and IGF-1 ↓ Hepatic injury ↑ AKT 

IGF-1 ↓ hepatic injury, mitochondrial damage, 

oxidative stress 

Polysol ↓ Hepatic injury, integrity ↑ Hepatic 

functionality, cAMP 

N-acetylhistidine  

Rat LT 

↓ Liver injury, inflammation, necrosis, ROS ↑ 

Survival  

Tauroursodeoxycholate acid 

(Bile acid) 

↓ Hepatic injury, endoplasmic reticulum stress 

 

 

 

NHBD 

Glucagon  

 

Rat 

Isolated 

Perfused 

 

↓ Hepatic injury ↑ Hepatic functionality, 

cAMP 

Streptokinase 

(antithrombolytic drug) 

↓ Hepatic and parenchymal injury ↑ 

Microvasculatury  

Nafamostat mesilate (Serine 

protease inhibitor) 

↓ Induction inflammatory cytokines ↑ 

Sinusoidal microcirculation  

FR167653 (Protein kinase 

inhibitor) 

↓ Induction cytokines ↑ Sinusoidal 

microcirculation 

Meloxicam (COX-2 inhibitor) ↓ Hepatic injury, oxidative stress, apoptosis 

CGS 21680 (A2 recptor 

agonist) 

 

Pig LT 

↓ Hepatic injury ↑ Bile production  

OP-2507 (Prostacyclin 

analogue)  

↓ Hepatic injury ↑ Survival, hepatic 

microcirculation 

 

 

Pharmacological Treatments 
 

- Modulators of Renin-Angiotensin System: Previous researches have observed an 

important role for the RAS, known for its regulation of blood pressure and fluid homeostasis, 

in both I/R injury and liver regeneration after partial hepatectomy [127]. In conditions of 

partial hepatectomy under I/R, Angiotensin receptors (AT1R and AT2R) antagonists for 

steatotic livers improved regeneration in the remnant liver. AT1R antagonist, through NO 

inhibition, protected steatotic livers against oxidative stress and damage. The combination of 

AT1R and AT2R antagonists in steatotic livers showed stronger liver regeneration than either 

antagonist used separately and also provided the same protection against damage as that 

afforded by AT1R antagonist alone. These results could be of clinical interest in liver surgery 

[127]. BK seems to be a key mediator in the benefits of all the blockers of Ang-II activity 

(ACE inhibitors, AT1R antagonists, and AT2R antagonists) in steatotic livers undergoing I/R 

[128]. In LT, Ang-II is an appropriate therapeutic target only in non-steatotic livers. It was 

observed an upregulation of ACE2 in steatotic liver grafts, which was associated with 

decreased Ang-II and high Ang-(1–7) levels. Ang-(1–7) receptor antagonist reduced necrotic 
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cell death and increased survival mediated by NO inhibition in recipients transplanted with 

steatotic liver grafts. These results indicate a novel target for therapeutic interventions in LT 

within the RAS cascade, based on Ang-(1–7), which could be specific for this type of liver 

[112].  

- Adipocytokines derived from liver and/or adipose tissue: To date, adipose tissue has 

been considered the major site for endogenous adiponectin production, although there are 

other potential sources, including the liver [129]. A recent study indicated that steatotic livers 

can generate adiponectin as a consequence of I/R [129]. The role of adiponectin in hepatic I/R 

injury remains unclear. PPARα agonists, through PPARα, inhibited mitogen (MAPK) 

expression following I/R. This in turn inhibited the accumulation of adiponectin in steatotic 

livers and reduced its negative effects on oxidative stress and hepatic injury [129]. However, 

another study by Man et al., [130] in small fatty grafts, adiponectin treatment exerted anti-

inflammatory effects that down-regulated TNF-  mRNA and vasoregulatory effects that 

improved the microcirculation. Adiponectin anti-inflammatory effects also include the 

activation of cell survival signaling via the phosphorylation of Akt and the stimulation of NO 

production. Thus, on the basis of the different results reported to date in hepatic I/R, it is 

difficult to discern whether we should aim to inhibit adiponectin, or administer adiponectin to 

protect steatotic livers against cold ischemia associated with LT (Table 3). 
 

RBP4 is an adipokine synthesized by the liver, whose known function is to transport 

retinol in circulation. However, the role of RBP4 in the liver is largely unknown. A recent 

study indicated that steatotic liver grafts were found to be more vulnerable to the down-

regulation of RBP4 and the over-expression of PPARγ. RBP4 treatment (through AMPK 

induction) reduced PPARγ over-expression, thus protecting steatotic liver grafts against I/R 

injury associated with LT. In terms of clinical application, therapies based on RBP4 treatment 

and PPARγ antagonists might open new avenues for steatotic LT and improve the initial 

conditions of donor livers with low steatosis that are available for transplantation [113]. 

- Antiapoptotic strategies: Recent studies indicated that 4-phenyl butyric acid (PBA), and 

especially tauroursodeoxycholic acid (TUDCA), reduced inflammation, apoptosis and 

necrosis, and improved liver regeneration in both steatotic and non-steatotic livers in partial 

hepatectomy under vascular occlusion. Both compounds, especially TUDCA, protected both 

liver types against ER damage, as they reduced the activation of two of the three pathways of 

UPR (namely inositol-requiring enzyme and PKR-like ER kinase) and their target molecules 

caspase 12, c-Jun N-terminal kinase and C/EBP homologous protein-10. Only TUDCA, 

possibly mediated by extracellular signal-regulated kinase upregulation, inactivated glycogen 

synthase kinase-3a. This in turn, inactivated mitochondrial voltage-dependent anion channel, 

reduced cytochrome C release from the mitochondria and caspase 9 activation and protected 

both liver types against mitochondrial damage [110]. Also, strategies aimed at modulating 

component of ER stress-mediated cell death could protect not only against ER stress but also 

against the mitochondrial-dependent apoptosis pathway. Further studies will be required to 

elucidate whether these chemical chaperones such as PBA and TUDCA could be considered 

as useful strategies in clinical LT. They have been used for clinical treatment of urea cycle 

disorders, cholestatic liver diseases and cirrhosis [110]. Results of clinical trials have shown 

that PBA has few side effects and is safe for patients since it is well tolerated at high dose for 

long periods of time [131]. TUDCA is a derivate of an endogenous bile acid, and it has been 

safely used as a hepatoprotective agent in humans with cholestatic liver diseases [132]. On 

the other hand, ER stress could be not involved in the protective mechanisms of TUDCA in 
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steatotic LT with liver grafts subjected to 6 h of cold ischemia in UW solution. Indeed, a 

recent study by Jimenez-Castro et al., [114] shown that TUDCA only protected steatotic 

livers grafts and did so through a mechanism independent of ER stress. TUDCA, which 

inhibited PPARγ, up-regulated TLR4, specifically the TIR domain-containing adaptor 

inducing IFNβ (TRIF) pathway. TLR4 pathway, thus protecting steatotic liver grafts. TLR4 

activating-based strategies could reduce the inherent risk of steatotic liver failure after LT. 

This contrast with the studies from Anderson et al., [133] reported in steatotic liver grafts 

submitted to 2 h of cold ischemia in HTK solution, with had increased ER stress responses 

and markers of hepatocellular injury after LT. ER stress response components were reduced 

by TUDCA and this resulted in an improvement in the allograft injury. TUDCA treatment 

decreased NFkB activation and the proinflammatory cytokines IL-6 and IL-1β and CHOP 

expression (Table 3).  

- Modulation of inflammatory cytokines and oxidative stress: Livers of mice having a 

spontaneous mutation in the leptin gene (ob/ob), resulting in global obesity and liver steatosis, 

are endotoxin sensitive, and do not survive I/R injury. It was reported that 14%-31% survival 

of isotypematched control mAb-treated ob/ob mice survived after 15 minutes of ischemia and 

24 h of reperfusion. In contrast, 75%-83% of ob/ob mice pre-treated with an anti-LPS mAb 

prior to initiation of I/R survived after ischemia and 24 h of reperfusion. Furthermore, there 

was a decrease in ALT and circulating endotoxin levels when treated with an anti-LPS mAb 

compared with control antibodies. Attenuation of the endotoxin load with anti-LPS mAb, 

before initiation of I/R is cytoprotective and improves survival [134]. In addition, FR167653, 

a newly synthesized cytokinesuppressive anti-inflammatory agent, attenuates graft injury in 

LT from NHBDs which often involves hepatic warm I/R injury triggered by inflammatory 

cytokines. In porcine LT from NHBDs, microcirculatory disturbance was attenuated, liver 

injury was lessened, and ATP resynthesis was enhanced by the use of FR167653. In addition, 

FR167653 inhibited neutrophil infiltration in the liver tissue, and suppressed release of 

inflammatory cytokines after LT from NHBDs. The inhibitory effect of FR167653 on the 

release of inflammatory cytokines plays an important role in liver graft protection [135]. Ye 

et al., [136]
 
explored the protective effect of high-dose reduced glutathione (GSH) and venous 

systemic oxygen persufflation on rat steatotic liver grafts following transplantation and 

effectively protect from ischemic damage and significantly improve early survival rate. In 

another study, Kim et al., [137]
 
reported the cytoprotective role of heme oxygenase-1 (HO-1) 

induction by cobalt protoporphyrin (CoPP), an HO-1 inducer in alcoholic steatotic livers 

exposed to cold I/R. 

- Modulation of Kupffer cells and leukocytes : Elimination of Kupffer cells and 

administration of a protease inhibitor improve graft viability and prevent reperfusion injury in 

NHBD. Frankenberg et al., [138]
 
found that depletion of Kupffer cells with gadolinium 

chloride (GdCl3) in donor animals prevents PNF of fatty livers after transplantation, and 

diminishes amino acid release at harvest, but blocks the increased expression of the adhesion 

molecule ICAM-1 only after transplantation. Moore et al., [139] documented that the 

interactions between fibronectin, a key extracellular matrix protein, and its integrin receptor 

α4β1, expressed on leukocytes, specifically up-regulated the expression and activation of 

metalloproteinase-9 in a well-established steatotic rat liver model of ex vivo ice-cold ischemia 

followed by LT. The presence of the active form of MMP-9 was accompanied by massive 

intragraft leukocyte infiltration, high levels of proinflammatory cytokines, such as 

interleukin-1β and TNF-α, and impaired liver function. Interestingly, MMP-9 activity in 
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steatotic liver grafts was to some extent independent of the expression of its natural inhibitor, 

the tissue inhibitor of MMP-1. Moreover, the blockade of fibronectin-α4β1 integrin 

interactions inhibited the expression/activation of MMP-9 in steatotic LT without 

significantly affecting the expression of metalloproteinase-2 (MMP-2, gelatinase A). These 

findings reveal a novel aspect of the function of fibronectin-α4β1-integrin interactions, which 

is of significance in the successful use of marginal steatotic livers in transplantation [139]. 

Amersi et al., [140] showed the effects of connecting segment-1 (CS1) peptide in a steatotic 

rat model of ex vivo cold ischemia followed by iso-transplantation. CS1 peptide therapy 

significantly inhibit the recruitment of T lymphocytes, neutrophil activation/infiltration, and 

repressed the expression of proinflammatory TNF-α and IFN-γ. Moreover, it resulted in 

selective inhibition of inducible nitric oxide synthase expression, peroxynitrate formation and 

hepatic necrosis. Importantly, CS1 peptide therapy improved function/histological 

preservation of steatotic liver grafts and extended survival. Also Moore et al., [141] reported 

that CS1 peptide in steatotic rat LT showed a profound decrease in T-cell and 

monocyte/macrophage infiltration and significantly reduced levels of cytokine expression 

such as IL-2 and IFN-γ. Fondevila et al., [142] reported the effect of a cyclic RGD peptide 

with high affinity for the α5β1, the fibronectin integrin receptor in a rat model of steatotic 

liver cold ischemia followed by LT. The RGD peptide therapy ameliorated steatotic I/R injury 

and improved the recipient survival rate. It significantly inhibited the recruitment of 

monocyte/macrophages and neutrophils and depressed the expression of pro-inflammatory 

mediators, such as inducible nitric oxide sintase (iNOS) and IFN-γ. Xu et al., [143] reported 

that C3aP, a complement component stimulates hepatocyte proliferation and reversed fatty 

degradation of hepatocytes, thus enhancing hepatic function and prolonging the survival of 

recipients of steatotic LT rat (Table 3). 

In a series of ex-vivo liver perfusions of >50% steatotic liver grafts and in a group of LT 

between steatotic Zucker and lean Zucker rats, the blockade of selectins by P-selectin 

glycoprotein ligand-1 (PSGL1-Ig) significantly improved liver function over control animals. 

Ex-vivo livers perfused with PSGL1-Ig had lower transaminase release, increased portal 

venous flow, and increased bile production compared with controls. Histologic architecture of 

the liver after 2 h of perfusion showed minimal changes in the PSGL1-Ig–treated grafts 

versus severe centrilobular disruption, drop-out, and necrosis in controls. Survival of lean rats 

who underwent transplantation with steatotic livers in the control group was only 40% 

compared with 90% in the same combination treated with PSGL1-Ig at harvest and before 

reperfusion [144]. 

- Regulators of lipid metabolism: Manipulation of the chemical composition of hepatic 

lipids may evolve as a useful strategy to expand the donor pool and improve the outcome 

after LT. Macrosteatotic livers disclosed an abnormal omega-6: omega-3 PUFA ratio that 

correlates with a microcirculatory defect that enhanced reperfusion injury [145]. Therefore, 

normalization of the Ω-6:Ω-3 FA ratio appears to be crucial for protection of the steatotic 

liver from reperfusion injury. Preoperative dietary omega-3 PUFAs protect macrosteatotic 

livers against reperfusion injury and might represent a valuable method to expand the live 

liver donor pool [145]. Clavien et al., treated three live liver donors with moderate degrees of 

steatosis by oral administration of X-3 FAs. All donors showed a significant reduction of 

hepatic fatty infiltration within one month. Subsequently, LT was carried out for three 

candidates with uneventful outcomes for both donors and recipients. A very promising option 

to prevent post-transplant complications appears to be the use of a pretreatment with X-3 
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FAs. However, the approach is only feasible in living donation since requires oral 

administration of X-3 FAs before organ procurement [146]. Cerulenin has been shown by 

Chavin et al., [16] to reduce body weight and hepatic steatosis in murine model of obesity by 

inhibiting fatty acid systhase. Indeed when administered prior to I/R is adequate for protecting 

steatotic livers subjetec to LT. Cerlulenin inhibited fatty acid metabolism by down-regulating 

PPARα, as well as mitochondrial uncoupling protein 2 (UCP2), with a concomitant increase 

in ATP. 

- Amelioration of microcirculation: Fukunaga et al., [147] evaluated the effects of the 

endothelin antagonist TAK-044 and the platelet activating factor antagonist E5880 on the 

function of grafts from NHBDs in porcine LT and found that the 7-day survival rate of the 

recipients in treated groups was 100%. The increases of the serum concentrations of AST, 

lactate dehydrogenase and arterial lactate 1-4 h after LT were significantly inhibited in the 

treated groups. When donor livers were pretreated with a prostacyclin analogue (OP-2507) 

immediately before the induction of cardiac arrest and the grafts were preserved in Euro-

Collins solution containing OP-2507, the survival rates after LT improved significantly [148]. 

- Modulators of adenosine: In a model of LT from NHBD pigs, Net et al., [149] 

evaluated the involvement of adenosine and adenosine receptors) during normothermic 

recirculation (NR). Application of NR after 20 minutes of warm ischemia reversed the lethal 

injury associated with transplantation of NHBD livers, achieving 5-day survival and 

diminishing glutathione S-transferase (GST), AST and hyaluronic acid. Adenosine 

administration prior to warm ischemia simulated the effect of NR. During NR, hepatic 

adenosine levels increased and xanthine levels decreased [149]. Addition of a selective A2-

receptor agonist (CGS 21680) to the preservation solution reduced the biochemical 

parameters of hepatic damage and promoted an increase in hepatic bile production. This 

effect, which may represent a promising approach for the use of NHBD grafts, seems to be 

mediated through activation of protein kinase A [150]. In the same line, pioglitazone 

activated protein kinase A (PKA), increasing Multidrug resistance protein 2 (Mrp2) transport 

to detoxify xenobiotics and improving in macrovesicular fatty livers perfusion [151]. Arai et 

al., [152] show the adenosine A(2) receptor agonist (CGS-21680) and dibutyryl-ciclic 

adenosine monophospahate (DB-cAMP) decreased sinusoidal endothelial cell killing to the 

same after cold liver storage in a steatotic rat model (Table 3).  

- Improvement of energy status: S-adenosyl-L-methionine (SAMe) administration had 

beneficial effects on I/R injury associated with pig LT from NHBDs. SAMe reduced hepatic 

damage, apoptosis of hepatocytes and sinusoidal endothelial cells after reperfusion. SAMe 

increased energy charge at the end of NR and favored the balance between adenosine and 

xanthine. It was also associated with higher portal blood flow and improvements on biliary 

tract damage [153]. AICAR, increased AMPK and constitutive NOS activities and protected 

against lipid peroxidation, nitrotyrosine formation and hepatic injury in steatotic LT. this 

indicate that AICAR as a pharmacology strategy in steatotic LT [154].
 
In contrast with 

previous studies in normothermic hepatic conditions, the benefits of AICAR were not related 

with changes in ATP. In a recent study from our group in steatotic liver TR we have shown 

that he blockage of cAMP generation by adenylate cyclase inhibitor pre-treatment had the 

following results: reduced hepatic injury and increased survival of steatotic graft recipients; 

greater preservation of ATP and reduced lactate accumulation throught cold ischemia. This 

blockage of cAMP by a nitric oxide-dependent mechanism protected steatotic liver grafts 

against oxidative stress and microvascular disorders after reperfusion [155]. 
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Table 3. Some pharmacological and gene therapy strategies used in marginal liver grafts 

 

Marginal 

Donor 

Strategy Model Effects 

 

 

 

 

 

 

 

 

 

 

 

 

Steatosis 

 

Adenosine A2 receptor 

agonist  

 

Rat 

Isolated 

Perfused 

 

↓ Sinusoidal endothelial cell killing 

CGS-21680  ↓ Sinusoidal endothelial cell killing 

BD-cAMP  ↓ Sinusoidal endothelial cell killing 

Pioglitazone  ↓ Hepatic injury ↑ PKA and Mrp2 

CoPP (HO-1 inducer)  ↓ Hepatic injury and oxidative stress 

PSGL1-Ig  ↓ Hepatic injury ↑ Sruvival, liver function 

Cerulenin  Mice 

LT 

↓ Hepatic injury, PPARα, UCP2 ↑ Survival, ATP 

TUDCA   

 

 

 

 

 

 

 

 

 

 

 

 

Rat LT 

 

↓ Hepatic injury, ER stress, inflammation, NFκB, IL-6, 

IL-1β,  

TLR4 agonist  ↓ Hepatic injury  

C3aP  ↓ Fatty degradation ↑ Survival, hepatocyte proliferation 

Adenylate cyclase inhibitor  ↓ Hepatic injury, oxidative stress, lactate accumulation, 

microvascular disorders ↑ Survival, preserve ATP 

Adiponectin  ↓ Liver injury, inflammation ↑ Microcirculation, NO 

production 

FTY720  ↓ Acute phase inflammatory cascade ↑Akt  

RBP4  ↓ Liver injury, PPARγ 

Ang-(1-7) receptor 

antagonist  

↓ Oxidative stress, necrotic cell death ↑ Survival 

AICAR  ↓ Hepatic injury, oxidative stress ↑ AMPK, constitutive 

NOS  

CS1  ↓ Oxidative stress, necrosis, inflammation, TNF-α, IFN-γ  

↑ Survival 

CS1  ↓ T-cell, monocyte/macrophage infiltration, IL-2 and 

IFN-γ 

RGD peptide  ↓ Hepatic injury, neutrophils, recruitment of 

macrophages  

↑ Survival 

GSH  ↓ Hepatic injury ↑ Survival 

GdCl3  ↓ Liver injury, ICAM-1, amino acid release at harvest  

Fibronectin  ↓ Hepatic injury ↑ Activation and expression of MMP-9 

HO-1 (adenoviral transfer)  ↓ Hepatic injury, apoptosis, macrophage infiltration, 

iNOS, caspase-3, oxidative stress ↑ Survival, Bcl-2 and 

Bag-1 

SOD1 (adenoviral transfer)  ↓ Necrosis, apoptosis, NFκB, JNK, ROS ↑ Survival 

Elderly Melatonin   

Rat LT 

↓ Oxidative stress, inflammatory response 

HO-1 ↓ Hepatic injury, apoptosis, inflammation, oxidative 

stress 

 

 

 

 

 

NHBD 

 

Pentoxifylline  Rat LT ↓ Hepatic injury ↑ Survival 

L-arginine   

 

 

 

 

Pig LT 

 

↓ Hepatic injury and Biliary tract damage 

TAK-044 (Endothelin 

antagonist)  

↓ Hepatic injury, lactate dehydrogenase ↑ Survival 

E5880 (PAF antagonist)  ↓ Hepatic injury, lactate dehydrogenase ↑ Survival  

OP-2507 (Prostacyclin 

analogue)  

↓ Hepatic injury ↑ Survival, hepatic microcirculation 

FR167653 (Protein kinase 

inhibitor)  

↓ Liver injury, microcirculatory damage, neutrophil 

infiltration, inflammation 

Adenosine  ↓ Hepatic injury, GST, AST, hyaluronic acid 

SAMe  ↓ Hepatic damage, apoptosis ↑ Energy charge, portal 

blood flow 
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Gene Therapy 
 

Advances in molecular biology provide new opportunities to reduce liver I/R injury in 

marginal donors using gene therapy. 

- Antioxidant therapy (SOD, HO-1): Genetic modification of fatty livers using viral 

vectors is a new approach to protecting marginal grafts against PNF. Endogenous radical 

scavengers such as superoxide dismutase (SOD) degrade ROS; however, SOD is destroyed 

rapidly when given exogenously. Therefore, an adenoviral vector encoding the Cu/Zn-SOD 

gene (Ad.SOD1) was used in a rat model of fatty LT. Ad.SOD1 treatment increased survival 

dramatically, blunted transaminase release, and reduced necrosis and apoptosis significantly. 

Free radical adducts increased 2-fold in the ethanol group compared with untreated controls. 

Ad. SOD1 blunted this increase and reduced the activation of NF-κB. However, release of 

TNF-α was not affected. Ad.SOD1 also blunted JNK activity after LT. Gene therapy with 

Ad.SOD1 protects marginal livers from failure after transplantation because of decreased 

oxygen radical production [156]. Lehmann et al., [157] identified the isoform with the highest 

effectiveness against I/R injury after fatty LT. Some donors were infected with adenoviruses 

expressing either the gene lacZ encoding bacterial beta-galactosidase (Ad.lacZ), Ad.SOD1, 

Ad.SOD2 (mitochondrial isoform), or Ad.SOD3 (extracellular isoform). Ad.SOD1 treatment 

increased survival and reduced necrosis, whereas Ad.SOD3 had no protective effect. 

Ad.SOD2 was not as protective as Ad.SOD1. Hence cytosolic SOD represents the most 

effective isoform of SOD to protect transplanted livers from failure; this may be related to 

lowered NF-κB and JNK activity because of reduced oxygen-derived radical production. 

HO-1, as a cytoprotective protein may be important in ameliorating hepatic I/R injury. 

Ad.HO-1 gene transfer was used to analyze the effects of HO-1 overexpression in the well-

established fatty Zucker rat model of I/R followed by LT. Ad.HO-1 gene therapy exhibited 

less macrophage infiltration in the portal areas and increased recipient survival in steatotic 

LT. The Ad.HO-1 group and increased the expression of antiapoptotic Bcl-2 and Bag-1 [158] 

thus modulating pro and anti-apoptotic pathways (Table 3). 

- Adipocytokine: Massip-Salcedo et al., [129] demostrated though the systemic delivery 

of adiponectin in livers treated with adiponectin siRNA that steatotic livers by themselves can 

generate adiponectin as a consequence of I/R. This study reports evidence of the injurious 

effects of adiponectin in stetatotic livers under warm ischemic conditions, and results suggest 

the clinical potential of gene therapy for I/R damage in steatotic livers by siRNA-mediated 

adiponectin gene silencing [129]. These results could be of clinical interest. Viral vectors are 

associated with severe side effects. Although non-viral vectors (such as naked DNA and 

liposomes) are likely to present fewer toxic or immunological problems, they suffer from 

inefficient gene transfer [159].  

 

 

Machine Perfusion 
 

Machine liver perfusion has emerged with promising data over the past decade as an 

alternative preservation method to SCS which can be further categorized based on the 

temperature employed and has emerged with promising data over the past decade because it 

has significant potential in graft preservation and optimization when the use of marginal 

organs is the objective. Machine perfusion involves pulsatile perfusion of the liver using a 
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machine as opposed to SCS. This can be performed by perfusing the liver with a hypothermic 

perfusate or with a normothermic perfusate. The safety and efficacy of machine perfusion 

compared to SCS to decrease liver I/R injury is yet to be assessed in humans by randomized 

controlled trials [160].  

- Normothermic Machine Perfusion (NMP): The first successful human LT carried out by 

Starzl et al., [161], were transplanted after liver graft pretreatment by machine perfusion with 

diluted, hyperbaric oxygenated blood. Most perfusion circuits were assembled from standard 

cardiopulmonary bypass components. Principle constituents are a centrifugal pump, a 

membrane oxygenator and a heat exchanger. Other critical components of the perfusate 

include nutrition (glucose, insulin, aminoacids), drugs to prevent thrombosis or 

microcirculatory failure (heparin, prostacyclin) and agents to reduce cellular oedema, 

cholestasis and free radical injury [162]. NMP maintains and mimics normal in vivo liver 

conditions and function during the entire period of preservation, thus avoiding hypothermia 

and hypoxia and minimizing preservation injury [160]. In contrast to SCS preservation the 

concept of normothermic preservation is to maintain cellular metabolism. The underlying 

principle is the combination of continuous circulation of metabolic substrates for ATP 

regeneration and removal of waste products. Imber et al., [163] found that, after 1 h of warm 

ischemia, porcine livers that were normothermically perfused had greater bile and factor V 

production, glucose metabolism, and galactose clearance than SCS. However, Reddy et al., 

[164] observed no difference in hepatic synthetic function among porcine livers receiving 

NMP before SCS compared with porcine livers preserved by SCS alone. Schön et al., [165]
 

studied NMP to preserve pig livers for transplantation and to rescue them from warm 

ischemia in a model of donor after cardiac death. Short (5 h) or prolonged (20 h) NMP 

preservation is superior to SCS for normal and ischemically damaged livers, respectively 

[160]. The longest preservation of steatotic livers was the NMP preservation for 48 h in a pig 

model by Jamisson et al., who employed blood containing additional insulin and vasodilators 

as perfusate, and observed a mild reduction of steatosis from 28% to 15%. The NMP circuit 

dually perfuses 1.5 L of autologous heparinized blood at physiological pressures, which 

allows hepatic blood flow autoregulation. Prostacyclin, taurocholic acid, and essential amino 

acids are infused continuously. The concept of normothermic recirculation in the context of 

NHBDs was first developed by Garcia-Valdecasas et al., [166]. With 4 h of NMP, hepatic 

damage incurred during 90 minutes of cardiac arrest can be reverted, achieving 100% graft 

survival after 5 days of postransplant follow-up. Administration of pentoxifylline or arginine 

to rat and pig respectively may also improve the quality of NHBD by reversing ischemic 

damage [167].  

- Hypothermic Machine Perfusion (HMP): The first and most prominent difference 

between SCS and (oxygenated) HMP is the restoration of the tissue’s energy charge and 

glycogen content while preventing ATP depletion [160]. Lee et al., [168] reported that HMP 

for 5 h improves survival and reduces cellular damage of liver tissue that has experienced 30 

minutes of warm ischemia in NHBD rat livers. Dutkowski et al., [169] show that 45 minutes 

of warm in situ ischemia followed by 5 h cold storage followed by 1 h HMP improved NHBD 

rat livers significantly, with a reduction of necrosis, less AST release. This was associated 

with increased bile flow, ATP preservation and a significant extension of graft survival. 

Bessems et al., [170] employed HMP preservation with UW-gluconate solution or polysol on 

NHBD rat livers for 24 h. Both alleviated I/R and hepatocellular damage compared to SCS in 

UW. However, polysol was associated with less cellular edema after preservation and higher 
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flow during reperfusion, bile production and ammonia clearance than UW-gluconate. 

Extracorporeal membrane oxygenation (ECMO) may be used to reduce warm ischemia time 

in liver graft obtained from uncontrolled NHBDs, thereby increasing graft salvage rates. 

Rojas et al., [171] evaluated the use of warm blood veno-arterial ECMO reperfusion in 

preheparinized NHBD swine. ECMO was started after 30 or 60 minutes of cardiac arrest and 

kept running for 120 minutes. In this model, ECMO support restored liver perfusion, 

oxygenation, and bile production after 1 h of cardiac arrest. Wang et al., [172] reported a liver 

graft donor who was maintained on ECMO after successful cardiopulmonary resuscitation. 

The liver was procured using a rapid flush technique 4 h after instituting ECMO. Graft 

function recovered fully after transplantation. There is a substantial body of research, 

predominantly in rodents, demonstrating improved preservation by providing oxygen to livers 

[173]. Nevertheless, clear guidelines towards target values/ranges for oxygen levels regarding 

the optimal duration of oxygenation during HMP are lacking. HMP can also be applied at the 

end of the cold storage period, which is attractive for logistical reasons. The disadvantage 

here is the time-dependent increase in vascular resistance, bearing the risk of damage to the 

sinusoidal endothelium.  

- Subnormotermic Machine Perfusion (SNMP): SNMP preservation lies between HMP 

and NMP, but it remained relatively unexplored until recently despite holding promising 

applications [174]. In an isolated rat liver perfusion model, SNMP enhanced the functional 

integrity of steatotic livers compared with SCS findings. Organ protecting properties 

mediated by decreasing the temperature to a 20–28ºC have been observed previously. SNMP 

avoids some of the downsides of hypothermia while maintaining mitochondrial function and 

it may circumvent the logistical rest raints of NMP [160]. Vairetti et al., [174] preserved 

steatotic rat livers by SNMP (20ºC) with Kreb-Henseleit solution for 6 h and obtained 

reduced I/R damage compared to SCS.  

 

 

Figure 2. Illustrative representation of machine reperfusion and static cold storage. 
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Surgical Strategies  
 

The induction of consecutive periods of ischemia to the liver does not provoque an 

additive effect in terms of the hepatocyte lesion. Ischemic PC based on a brief period of 

ischemia followed by a short interval of reperfusion prior to a prolonged ischemic stress 

protects against hepatic I/R injury [3]. The molecular basis for PC consists of a sequence of 

events: in response to the triggers of PC, a signal must be rapidly generated which is then 

transduced into an intracellular message leading to the amplification of the effector 

mechanism of protection [175, 176]. As in the pathophysiology of hepatic I/R, in the 

modulation of hepatic injury induced by IP there is a complex interaction between different 

cell types. Vasoactive substances such as adenosine, NO, bradykinin, etc, have been 

considered the major players in triggering preconditioning [176]. In addition to the 

extracellular mediators, PC involves activation of intracellular messengers such as PKC, 

AMPK, p38 MAPK, Ik kinase; signal transducer and activator of transcription-3 (STAT3) 

and transcription factors including NF B and heat shock transcription factor 1 (HSF1) [177]. 

The downstream consequences of these pathways could be cytoprotective by abrogation of 

cell death pathways, stimulating antioxidant and other cellular protective mechanisms 

including MnSOD and heat shock proteins (HSPs), and by initiating entry into the cell cycle 

[176]. The benefits of PC on energy metabolism, inflammatory mediators including ROS and 

TNF, mitochondrial dysfunction, KC activation, and microcirculatory disorders associated 

with I/R injury have also been described in steatotic LT [3, 111]. PC via AMPK activation 

reduced the ATP depletion thus attenuating the accumulation of glycolytic intermediates and 

lactate production during hepatic sustained ischemia [175]. The benefits of PC on oxidative 

stress could be explained by the induction of antioxidants, such as SOD and HSPs as well as 

by its effect on XDH/XOD [3, 111, 177]. PC reduced the accumulation of xanthine during 

ischemia and prevented the conversion of XDH to XOD, thus preventing the deleterious 

effect of this ROS generating system on liver [109,175]. It is possible that NFkB and p38 

MAPK-regulated transcription factors (ATF-2 and MEF2C) might be responsible for 

inducing the expression of protective genes, including SOD. HSPs induced by PC might 

contribute to improve membrane potential and respiratory control in hepatic mitochondria, 

allowing a faster recovery of ATP on reoxygenation [111, 177]. The modulation of 

inflammatory response by hepatic PC has been also reported in steatotic livers undergoing 

warm or cold hepatic ischemia. PC reduces neutrophil accumulation, the generation of 

different cytokines and interleukins including TNF and IL-1 [109, 129, 175]. The benefits of 

PC were also observed on hepatic microcirculation by inhibiting the effects of different 

vasoconstrictor mediators such as ETs, thus ameliorating sinusoidal perfusion and 

microvascular dysfunction. The benefits of PC regulating cAMP, Ang II and adipocytokines 

such as adiponectin and RBP4 have been also reported in steatotic livers undergoing hepatic 

I/R [155]. PC, through PPARα inhibits adiponectin accumulation in steatotic livers and 

adiponectin-worsening effects on oxidative stress and hepatic injury in hepatic resections 

[129]. In LT PC, which increases RBP4 levels, reduced PPARγ levels and hepatic injury in 

steatotic livers [113]. PC increased the expression of Beclin-1 and LC-3, two pro-autophagic 

proteing, thus protecting against I/R injury in normal and fatty livers. The benefits of PC were 

also observed in reduced-size LT since reduced damage and improved liver regeneration. PC 

reduced oxidative stress and inhibited IL-1 through NO, thereby protecting against the 

injurious effects of IL-1 in reduced-size LT. in addition, by another pathway independent of 
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NO, PC induced HSP70 and HO-1. HO-1 protect against I/R injury and liver regeneration 

whereas the benefits resulting from HSP70 were mainly related to hepatocyte proliferation 

[178] 

Since the effectiveness of PC was first described, numerous efforts have been made to 

find strategies capable of mimicking its beneficial effects. One of these strategies is known as 

heat shock preconditioning, in which the organ or the whole body is temporarily exposed to 

hyperthermia prior to hepatic ischemia. Chemical preconditioning with either doxorubicine, 

atrial natriuretic peptide or oxidants decreases hepatic injury in several experimental models 

of I/R. However, their possible clinical application seems limited owing to difficulties in 

implementing them in clinical practice, toxicity problems and the side-effects that have been 

identified [3,111]. 

 

 

Figure 3. Mechanisms of Ischemic preconditioning. AMPK, AMP-activated protein kinase; ATP, 

adenosine triphosphate; ET, endothelin; GSH, glutathione; HO-1, heme oxygenase 1; HSP72, heat 

shock protein 72; IL, interleukin; JNK, c-Jun N-terminal kinase; LC-3, autophagic marker; NO, nitric 

oxide; PKC, protein kinase C; PPAR, peroxisome proliferator-activated receptor; RAS, renin-

angiotensin system; RBP4, retinol binding protein 4; ROS, reactive oxygen species; SOD, superoxide 

dismutase; TNF, tumor necrosis factor; XDH/XOD, xanthine/xanthine oxidase. 

The benefits of PC observed in experimental models of hepatic warm and cold ischemia 

created the need for human trials of PC. To date, PC has been successfully applied in human 

liver resections in both steatotic and non-steatotic livers. The effectiveness of PC in hepatic 

surgery was first reported by Clavien et al., but unfortunately, in this study, it proved 

ineffective in elderly patients. It is well known that the impact of cold ischemia on organ 

function becomes even more significant as the age of the donor increases [1]. Recent research 

indicates that melatonin prevents oxidative stress and inflammatory response in hepatocytes 
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from elderly rats and this could improve the viability of liver grafts from elderly donors and 

increase the effectiveness of PC [179]. Prevention of post-hepatectomy liver insufficiency by 

PC, particularly in patients with cirrhotic or steatotic livers has also been demonstrated [180]. 

A clinical study by Koneru et al., [181]
 
showed no effects of PC on cadaveric donor livers 

compared with controls. However, the study consisted of clamping the hepatic vessels for a 

period of 5 minutes, and as the authors concluded, that may be insufficient to obtain a 

beneficial effect from PC. Another clinical study carried out by Azoulay et al., [182]
 
using the 

model of cadaveric whole LT showed that PC based on 10 minutes of ischemia was 

associated with better tolerance to ischemia. However, this was at the price of decreased early 

function. Jassem et al., [183] concluded that 10 minutes of preconditioning was effective to 

protect cadaveric donor allografts from cold ischemia, reduced inflammatory response and 

resulted in better graft function. Further randomized clinical studies are necessary to confirm 

whether PC is appropriate for LT in clinical practice. The potential applications of PC in 

human LT are numerous. PC also has the potential to increase the number of organs suitable 

for LT since it can improve the outcome for marginal grafts that would not otherwise have 

been transplanted. Its benefits to reduce the vulnerability of steatotic grafts to I/R injury have 

also been reported in different experimental studies of LT [109, 154]. Interestingly, the 

effectiveness of PC in clinical practice in major liver hepatectomy opens up new possibilities 

in LDLT, since the ischemia period is similar in both surgical procedures. Moreover, PC 

increases liver regeneration, the most critical aspect to be considered in LDLT [178]. In fact, 

a study published by Barrier et al., [184] has shown the benefits of PC in transplantation from 

living human liver donors.  

 

 

Recipient Selection 
 

Recipient selection is a critical factor to be considered when deciding on whether to 

transplant a partial graft with the associated higher risk of failure or dysfunction. A balance 

must be struck between the risk of transplanting the graft and the risk that the patient will 

deteriorate on the waiting list. This dilemma can be framed in the context of whether one 

considers the best outcome for an individual recipient or the best use of the graft [85]. Also, 

the general condition of the liver recipient can have a major impact on graft function: the bad 

host effect. Thus, marginal donors and suboptimal recipients are a poor combination [1]. 

Generally, patients with lower MELD scores have better outcomes, especially with the use of 

marginal, living donors, or split grafts as they can tolerate initial graft dysfunction better. 

These grafts perform better in patients who can tolerate a bigger insult immediately following 

transplantation when compared with high risk recipients. However, by definition, those with 

higher scores are those more urgently in need of grafting, and despite the higher risk of graft 

dysfunction and failure, the benefit to the recipient may be greater [185].  

 

 

Conclusion 
 

Due to the persistent shortage of organs, the increasing number of patients and the 

waiting time for LT, the use of marginal donors has been increasing in the recent years 
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although criteria for the use vary from center to center. However the most appropriate use of 

marginal livers continues to be debated. Some of the difficulties in defining a marginal liver 

donor may be related to the absence of prospective, randomized studies, an excess of 

univariate survival analysis, studies that include an insufficient number of marginal donors, 

an absence of evolutive studies and no consensus about uniform a defined cut-off points. A 

careful use of selected marginal liver grafts is a viable option for expanding the donor pool. 

While outcomes are inferior to results with optimal whole-liver grafts, the continued and 

increasing use of marginal grafts has led to decreased mortality on the waiting list. 

Because of the correlation between organ quality and post-transplant outcome, strategies 

to improve graft quality could gain a particularly important role in the setting of marginal 

donors for LT in the future. Marginal livers are more susceptible to I/R injury compared with 

standard grafts. The deleterious effects on graft function seem additive with the presence of 

multiple marginal characteristics and can contribute to the etiology of I/R injury experienced 

by the organ. Besides controlling for short cold-ischemia times, strategies to reduce graft 

injury could improve post-transplant outcome and help salvage organs that would be 

discarded otherwise. Multiple methods are currently being investigated to minimize the 

effects of IR injury to allow the use of marginal organs, including anti-inflammatory 

approaches to attenuate cytokines, blockade of adhesion molecules, anti-apoptotic strategies, 

among others. Other strategies with preliminary clinical applications such as PC and other 

strategies that are still in the experimental stage, including synthetic allografts, and hepatic 

dialysis, will need to be developed. Hoped for but as yet unachieved developments in LT are 

hepatocyte transplantation, and liver-directed gene therapy and stem cell transplantation. 

Until there are enough donors to meet the needs of the transplant waiting list, marginal 

donors may be a viable option to expand the donor pool. Further research is needed to 

identify better tests for evaluating donor organs, provide longer-term follow-up of recipients 

of higher-risk organs, and develop alternative means to fill the donor-organ shortfall. It is 

important to understand that these advances would require a leap in technical, logistical, and 

scientific expertise.
 
The donor shortage in LT has led not only to surgical innovations to 

expand the donor pool but also to complex ethical issues surrounding patient selection, 

marginal organ donation, and liver donation, and future work needs to focus on optimising 

outcomes for patients while making the best use of the scarce donor resource. 

 

 

Acknowledgments 
 

This research was supported by the Ministry of Economy and Competitiveness (project 

grant SAF2012-31238) Madrid, Spain. Jiménez-Castro M.B. is in receipt of a fellowship from 

the Sociedad Española de Transplante Hepatico (SETH Foundation) (Barcelona, Spain). 

 

 

References 
 

[1] Busuttil R.W., Tanaka K. The utility of marginal donors in liver transplantation. Liver 

Transplantation 2003;9(7):651-663. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 70 

[2] Clavien P.A. How far can we go with marginal donors?. Journal of Hepatology 

2006;45(4):483-484. 

[3] Casillas-Ramírez A., Ben Mosbah I., Ramalho F., Rosello-Catafau J., Peralta C. Past 

and future approaches to ischemia-reperfusion lesion associated with liver 

transplantation. Life Science 2006;79(20):1881-1894.  

[4] Attia M., Silva M.A., Mirza D.F. The marginal liver donor – an update. Transplant 

International 2008;21(8):713-724. 

[5] Angelico M. Donor liver steatosis and graft selection for liver transplantation: a short 

review. European Review for Medical and Pharmacological Sciences 2005;9:295-297. 

[6] Schemmer P., Mehrabi A., Kraus T., Sauer P., Gutt C., Uhl W., Büchler M.W. et al. 

New aspects on eperfusion injury to liver–impact of organ harvest. Nephrology Dialysis 

Transplantation 2004;19(S4):iv26-35. 

[7] Cameron A.M., Ghobrial R.M., Yersiz H., Farmer D.G., Lipshutz G.S., Gordon S.A., et 

al. Optimal utilization of donor grafts with extended criteria. Annals of Surgery 

2006;243(6):748-753. 

[8] Feng S., Goodrich N.P., Bragg-Gresham J.L., Dykstra D.M., Punch J.D., DebRoy 

M.A., et al. Characteristics associated with liver graft failure: The concept of a donor 

risk index. American Journal of Transplantation 2006;6(4):783-790. 

[9] Bartlett A., Heaton N. Current challenges and controversies in liver transplantation. 

European Gastroenterology and Hepatology 2007;1(1):39-41. 

[10] D’Alessandro A.M., Kalayoglu M., Sollinger H.W., Hoffmann R.M., Reed A., 

Knechtle S.J., et al. The predictive value of donor liver biopsies for the development of 

primary nonfunction after orthotopic liver transplantation. Transplantation 

1991;51(1):157-163. 

[11] Loinaz C., Gonzalez E.M. Marginal donors in liver transplantation. 

Hepatogastroenterology 2000;47(31):256-263. 

[12] Rinella M.E., Alonso E., Rao S., Whitington P., Fryer J., Abecassis M., et al. Body 

mass index as a predictor of hepatic steatosis in living liver donors. Liver 

Transplantation 2001;7(5):409-414. 

[13] Angele M.K., Rentsch M., Hartl W.H., Wittmann B., Graeb C., Jauch K.W. Loehe F. 

Effect of graft steatosis on liver function and organ survival after liver transplantation. 

American Journal of Surgery 2008;195(2):214-220. 

[14] Chavin K.D., Yang S., Lin H.Z., Chatham J., Chacko V.P., Hoek J.B., et al. Obesity 

induces expression of uncoupling protein-2 in hepatocytes and promotes liver ATP 

depletion. Journal of Biological Chemistry 1999;274(9):5692-5700. 

[15] Verran D., Kusyk T., Painter D., Fischer J., Koorey D., Strasser S., et al. Clinical 

experience gained from the use of 120 steatotic donor livers for orthotopic liver 

transplantation. Liver Transplantation 2003;9(5):500-505. 

[16] Chavin K.D., Fiorini R.N., Shafizadeh S., Cheng G., Wan C., Evans Z., et al. Fatty acid 

synthase blockade protects steatotic livers from warm ischemia reperfusion injury and 

transplantation. American Journal of Transplantation 2004;4(9):1440-1447. 

[17] Ploeg R.J., D’Alessandro A.M., Knechtle S.J., Stegall M.D., Pirsch J.D., Hoffmann 

R.M., et al. Risk factors for primary dysfunction after liver transplantation – a 

multivariate analysis. Transplantation 1993;55(4):807-813. 

[18] Crowley H., Lewis W.D., Gordon F., Jenkins R., Khettry U. Steatosis in donor and 

transplant liver biopsies. Human Pathology 2000;31(10):1209-1213. 



Expanding the Donor Pool in Liver Transplantation 71 

[19] Tekin K., Imber C.J., Atli M., Gunson B.K., Bramhall S.R., Mayer D., et al. A simple 

scoring system to evaluate the effects of cold ischemia on marginal liver donors. 

Transplantation 2004;77(3):411-416. 

[20] Briceño J., Solorzano G., Pera C. A proposal for scoring marginal liver grafts. 

Transplant International 2000;13(S1):S249-S252. 

[21] Imber C.J., St Peter S.D., Handa A., Friend P.J. Hepatic steatosis and its relationship to 

transplantation. Liver Transplantation 2002;8(5):415-423. 

[22] Strasberg S.M., Howard T.K., Molmenti E.P., Hertl M. Selecting the donor liver: risk 

factors for poor function after orthotopic liver transplantation. Hepatology 

1994;20(4):829-838. 

[23] Urena M.A., Moreno Gonzalez E., Romero C.J., Ruiz-Delgado F.C., Moreno Sanz C. 

An approach to the rational use of steatotic donor livers in liver transplantation. 

Hepatogastroenterology 1999;46(26):1164-1173. 

[24] Elias-Miro M., Massip-Salcedo M., Jiménez-Castro M.B., Peralta C. Does adiponectin 

benefit steatotic liver Transplantation?. Liver Transplantation 2011;17(9):993-1004. 

[25] Soejima Y., Shimada M., Suehiro T., Kishikawa K., Yoshizumi T., Hashimoto K., et al. 

Use of steatotic graft in living-donor liver transplantation. Transplantation 

2003;76(2):344-348. 

[26] Fraquelli M., Rigamonti C., Casazza G., Conte D., Donato M.F., Ronchi G., Colombo 

M. Reproducibility of transient elastography in the evaluation of liver fibrosis in 

patients with chronic liver disease. Gut 2007;56(7):968-973. 

[27] Berenguer M., Prieto M., San Juan F., Rayón J.M., Martinez F., Carrasco D., et al. 

Contribution of donor age to the recent decrease in patient survival among HCV-

infected liver transplant recipients. Hepatology 2002;36(1):202–210. 

[28] Oh C.K., Sanfey H.A., Pelletier S.J., Sawyer R.G., McCullough C.S., Pruett T.L. 

Implication of advanced donor age on the outcome of liver transplantation. Clinical 

Transplantation 2000;14(4):386-390. 

[29] Grazi G.L., Cescon M., Ravaioli M., Ercolani G., Pierangeli F., D’Errico A., et al. A 

revised consideration on the use of very aged donors for liver transplantation. American 

Journal of Transplantation 2001;1(1):61-68. 

[30] Busquets J., Xiol X., Figueras J., Jaurrieta E., Torras J., Ramos E., et al. The impact of 

donor age on liver transplantation: influence of donor age on early liver function and on 

subsequent patient and graft survival. Transplantation 2001;71(12):1765–1771. 

[31] Ioannou G.N. Development and validation of a model predicting graft survival after 

liver transplantation. Liver Transplantation 2006;12(11):1594-1606. 

[32] Popper H. Aging and the liver. Progress in Liver Diseases 1986;8:659-683. 

[33] Serste T., Bourgeois N. Ageing and the liver. Acta Gastroenterologica Belgica 

2006;69(3):296-298. 

[34] Jiménez R.C., Moreno G.E., Colina R.F., Palma C.F., Loinaz S.C., Rodriguez G.F., et 

al. Use of octogenarian livers safely expands the donor pool. Transplantation 

1999;68(4):572-575. 

[35] Wynne H.A., Cope L.H., Mutch E., Rawlins M.D., Woodhouse K.W., James O.F. The 

effect of age upon liver volume and apparent liver blood flow in healthy man. 

Hepatology 1989;9(2):297-301.  

[36] Tsukamoto I., Nakata R., Kojo S. Effect of ageing on rat liver regeneration after partial 

hepatectomy. Biochemistry & Molecular Biology International 1993;30(4):773-778. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 72 

[37] Kimura F., Miyazaki M., Suwa T., Kakizaki S. Reduction of hepatic acute phase 

response after partial hepatectomy in elderly patients. Research in Experimental 

Medicine (Berlin) 1996;196(5):281-290. 

[38] De Carlis L., Colella G., Sansalone C.V., Aseni P., Rondinara G.F., Slim A.O., et al. 

Marginal donors in liver transplantation: the role of donor age. Transplantation 

Proceedings 1999;31(1-2):397-400. 

[39] Grazi G.L., Cescon M., Ravaioli M., Ercolani G., Pierangeli F., D’Errico A., et al. A 

revised consideration on the use of very aged donors for liver transplantation. American 

Journal of Transplantation 2001;1(1):61-68. 

[40] Mutimer D.J., Gunson B., Chen J., Berenguer J., Neuhaus P., Castaing D., et al. Impact 

of donor age and year of transplantation on graft and patient survival following liver 

transplantation for hepatitis C virus. Transplantation 2006;81(1):7-14. 

[41] Garcia C.E., Garcia R.F., Gunson B., Christensen E., Neuberger J., McMaster P., Mirza 

D.F. Analysis of marginal donor parameters in liver transplantation for primary biliary 

cirrhosis. Experimental and Clinical Transplantation 2004;2(1):183-188. 

[42] Hashimoto K., Miller C. The use of marginal grafts in liver transplantation. Journal of 

Hepato-Biliary-Pancreatic Surg 2008;15:92-101. 

[43] Reddy S., Zilvetti M., Brockmann J., McLaren A., Friend P. Liver transplantation from 

non-heart-beating donors: current status and future prospects. Liver Transplantation 

2004;10(10):1223-1232. 

[44] Kootstra G., Daemen J.H., Oomen A.P. Categories of non-heart beating donors. 

Transplantation Proceedings 1995;27(5):2893-2894. 

[45] Muiesan P., Girlanda R., Jassem W., Melendez H.V., O‘Grady J., Bowles M., et al. 

Single-center experience with liver transplantation from controlled non-heart-beating 

donors: a viable source of grafts. Annals of Surgery 2005;242(5):732-738. 

[46] Casavilla A., Ramirez C., Shapiro R., Nghiem D., Miracle K., Bronsther O., et al. 

Experience with liver and kidney allografts from non-heart-beating donors. 

Transplantation 1995;59(2):197-203. 

[47] Manekeller S., Dobberahn V., Hirner A., Minor T. Liver integrity after warm ischemia 

in situ and brief preservation ex vivo: the value of aerobic post-conditioning. 

Cryobiology 2007;55(3):249-254. 

[48] Mateo R., Cho Y., Singh G., Stapfer M., Donovan J., Kahn J., et al. Risk factors for 

graft survival after liver transplantation from donation after cardiac death donors: an 

analysis of OPTN/UNOS data. American Journal of Transplantation 2006;6(4):791-

796. 

[49] Otero A., Gomez-Gutierrez M., Suarez F., Arnal F., Fernandez-Garcia A., 

Aquirrezabalaga J., et al. Liver Transplantation from Maastricht category 2 non-heart-

beating donors. Transplantation 2003;76(7):1068-1073. 

[50] Markmann J.F., Markmann J.W., Markmann D.A., Bacquerizo A., Singer J., Holt C.D., 

et al. Preoperative factors associated with outcome and their impact on resource use in 

1148 consecutive primary liver transplants. Transplantation 2001;72(6):1113-1122. 

[51] Totsuka E., Dodson F., Urakami A., Moras N., Ishii T., Lee M.C., et al. Influence of 

high donor serum sodium levels on early postoperative graft function in human liver 

transplantation: effect of correction of donor hypernatremia. Liver Transplantation and 

Surgery 1999;5(5):421-428. 



Expanding the Donor Pool in Liver Transplantation 73 

[52] Opelz G., Wujciak T. The influence of HLA compatibility on graft survival after heart 

transplantation. The Collaborative Transplant Study. New England Journal of Medicine 

1994;330(1):816-819. 

[53] Mimeault R., Grant D., Ghent C., Duff J., Wall W. Analysis of donor and recipient 

variables and early graft function after orthotopic liver transplantation. Transplantation 

Proceedings 1989;21(2):3355. 

[54] Briceño J., Marchal T., Padillo J., Solorzano G., Pera C. Influence of marginal donors 

on liver preservation injury. Transplantation 2002;74(4):522-526. 

[55] Saab S., Chang A.J., Comulada S., Geevarghese S.K., Anselmo R.D., Durazo F., et al. 

Outcomes of hepatitis C- and hepatitis B core antibody-positive grafts in orthotopic 

liver transplantation. Liver Transplantation 2003;9(10):1053-1061. 

[56] Prieto M., Gomez M.D., Berenguer M., Cordoba J., Rayon J.M., Pastor M., et al. De 

novo hepatitis B after liver transplantation from hepatitis B core antibody-positive 

donors in an area with high prevalence of anti-HBc positivity in the donor population. 

Liver Transplantation 2001;7(1):51-58. 

[57] Dickson R.C., Everhart J.E., Lake J.R., Wei Y., Seaberg E.C., Wiesner R.H., et al. 

Transmission of hepatitis B by Transplantation of livers from donors positive for 

antibody to hepatitis B core antigen. The National Institute of Diabetes and Digestive 

and Kidney Diseases Liver Transplantation Database. Gastroenterology 

1997;113(5):1668-1674. 

[58] Hartwig M.G., Patel V., Palmer S.M, Cantu E., Appel J.Z., Messier R.H., Davis R.D. 

Hepatitis B core antibody positive donors as a safe and effective therapeutic option to 

increase available organs for lung transplantation. Transplantation 2005;80(3):320-325. 

[59] Dodson S.F., Bonham C.A., Geller D.A., Cacciarelli T.V., Rakela J., Fung J.J. 

Prevention of de novo hepatitis B infection in recipients of hepatic allografts from anti-

HBc positive donors. Transplantation 1999;68(7):1058-1061. 

[60] Ho J.K., Harrigan P.R., Sherlock C.H., Steinbrecher U.P., Erb S.R., Mo T., et al. 

Utilization of a liver allograft from a hepatitis B surface antigen positive donor. 

Transplantation 2006;81(1):129-131. 

[61] Nery J.R., Nery-Avila C., Reddy K.R., Cirocco R., Weppler D., Levi D.M., et al. Use of 

liver grafts from donors positive for antihepatitis B-core antibody (anti-HBc) in the era 

of prophylaxis with hepatitis-B immunoglobulin and lamivudine. Transplantation 

2003;75(8):1179-1186. 

[62] Gane E.J., Angus P.W., Strasser S., Crawford D.H., Ring J., Jeffrey G.P., et al. 

Lamivudine plus low-dose hepatitis B immunoglobulin to prevent recurrent hepatitis B 

following liver transplantation. Gastroenterology 2007;132(3):931-937. 

[63] Lopez-Navidad A., Caballero F. Extended criteria for organ acceptance. Strategies for 

achieving organ safety and for increasing organ pool. Clinical Transplantation 

2003;17(4):308-324. 

[64] Charlton M. Hepatitis C infection in liver transplantation. American Journal of 

Transplantation 2001;1(3):197-203. 

[65] Velidedeoglu E., Desai N.M., Campos L., Olthoff K.M., Shaked A., Nunes F., et al. 

The outcome of liver grafts procured from hepatitis C-positive donors. Transplantation 

2002;73(4): 582-587. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 74 

[66] Testa G., Goldstein R.M., Netto G., Abbasoglu O., Brooks B.K., Levy M.F., et al. 

Long-term outcome of patients transplanted with livers from hepatitis C-positive 

donors. Transplantation 1998;65(7):925-929. 

[67] Marroquin C.E., Marino G., Kuo P.C., Plotkin J.S., Rustgi V.K., Lu A.D., et al. 

Transplantation of hepatitis C-positive livers in hepatitis C-positive patients is 

equivalent to transplanting hepatitis C-negative livers. Liver Transplantation 

2001;7(9):762-768. 

[68] Ghobrial R.M., Steadman R., Gornbein J., Lassman C., Holt C.D., Chen P., et al. A 10-

year experience of liver transplantation for hepatitis C: analysis of factors determining 

outcome in over 500 patients. Annals of Surgery 2001;234(3):384-393. 

[69] Ricchiuti A., Brunati A., Mirabella S., Pierini A., Franchello A., Salizzoni M. Use of 

hepatitis C virus-positive grafts in liver transplantation: a single-centre experience. 

Transplantation Proceedings 2005;37(6):2569-2570. 

[70] Penn I. Transmission of cancer from organ donors. Annals of Transplantation 

1997;2(4):7-12 

[71] Kauffman H.M., McBride M.A., Cherikh W.S., Spain P.C., Delmonico F.L. Transplant 

tumor registry: Donors with central nervous system tumors. Transplantation 

2002;73(4):579-582. 

[72] Buell J.F., Beebe T.M., Trofe J., Gross T.G., Alloway R.R., Hanaway M.J., Woodle 

E.S. Donor transmitted malignancies. Annals of Transplantation 2004;9(1):53-56. 

[73] Kauffman H.M., Cherikh W.S., McBride M.A., Cheng Y., Hanto D.W. Deceased 

donors with a past history of malignancy: an organ procurement and transplantation 

network/united network for organ sharing update. Transplantation 2007;84(2):272-274. 

[74] Frank S., Muller J., Bonk C., Haroske G., Schackert H.K., Schackert G. Transmission 

of glioblastoma multiforme through liver transplantation. Lancet 1998;352(9121):31. 

[75] Buell J.F., Trofe J., Sethuraman G., Hanaway M.J., Beebe T.M., Gross T.G., et al. 

Donors with central nervous system malignancies: are they truly safe?. Transplantation 

2003;76(2):340-343. 

[76] Urakami H., Abe Y., Grisham M. Role of reactive metabolites of oxygen and nitrogen 

in partial liver transplantation: lessons learned from reduced-size liver ischemia and 

reperfusion injury. Clinical and Experimental Pharmacology and Physiology 

2007;34(9):912-919. 

[77] Couinaud C. Le Foie, Etudes Anatomiques et Chirurgicales. Paris: Masson; 1957. 

[78] Bismuth H. Surgical anatomy and anatomical surgery of the liver. World Journal of 

Surgery 1982;6(1):3-9. 

[79] Bismuth H., Houssin D. Reduced-sized orthotopic liver graft in hepatic transplantation 

in children. Surgery 1984;95(3):367-370. 

[80] Gong N., Chen X. Partial liver transplantation. Frontier Medical 2011;5(1) 1-7. 

[81] Pichlmayr R., Ringe B., Gubernatis G., Hauss J., Bunzendahl H. Transplantation of a 

donor liver to 2 recipients (splitting transplantation)-a new method in the further 

development of segmental liver transplantation. Langenbecks Archiv fuer Chirurgie 

1988;373(2):127-130. 

[82] Burroughs A.K., Sabin C.A., Rolles K., Delvart V., Karam V., Buckels J., et al.; 

European Liver Transplant Association. 3-month and 12-month mortality after fi rst 

liver transplant in adults in Europe: predictive models for outcome. Lancet 

2006;367(9506):225-232. 



Expanding the Donor Pool in Liver Transplantation 75 

[83] Houssin D., Boillot O., Soubrane O., Couinaud C., Pitre J., Ozier Y., et al. Controlled 

liver splitting for transplantation in two recipients: technique, results and perspectives. 

British Journal of Surgery 1993;80(1):75-80. 

[84] Emond J.C., Freeman R.B., Renz J.F., Yersiz H., Rogiers X., Busuttil R.W. Optimizing 

the use of donated cadaver livers: analysis and policy development to increase the 

application of split-liver transplantation. Liver Transplantation 2002;8(10):863-872. 

[85] Deshpande R.R., Bowles M.J., Vilca-Melendez H., Srinivasan P., Girlanda R., Dhawan 

A., et al. Results of split liver transplantation in children. Annals of Surgery 

2002;236(2):248-253. 

[86] Wilms C., Walter J., Kaptein M., Mueller L., Lenk C., Sterneck M., et al. Long-term 

outcome of split liver transplantation using right extended grafts in adulthood: a 

matched pair analysis. Annals of Surgery 2006;244(6):865-872. 

[87] Oswari H., Lynch S.V., Fawcett J., Strong R.W., Ee L.C. Outcomes of split versus 

reduced-size grafts in pediatric liver transplantation. Journal of Gastroenterology and 

Hepatology 2005;20(12):1850-1854. 

[88] Yersiz H., Renz J.F., Farmer D.G., Hisatake G.M., McDiarmid S.V., Busuttil R.W. One 

hundred in situ split-liver transplantations: a single-center experience. Annals of 

Surgery 2003;238(4):496-505. 

[89] Humar A., Ramcharan T., Sielaff T.D., Kandaswamy R., Gruessner R.W., Lake J.R., 

Payne W.D. Split liver transplantation for two adult recipients: an initial experience. 

American Journal of Transplantation 2001;1(4):366-372. 

[90] Azoulay D., Castaing D., Adam R., Savier E., Delvart V., Karam V., et al. Split-liver 

transplantation for two adult recipients: feasibility and long-term outcomes. Annals of 

Surgery 2001;233(4):565-574. 

[91] Liu C., Fan S., Adult-to-adult live-donor liver transplantation: The current status. 

Journal of Hepatobiliary Pancreatic Surgery 2006;13(2):110-116. 

[92] Kiuchi T., Kasahara M., Uryuhara K., Inomata Y., Uemoto S., Asonuma K., et al. 

Impact of graft size mismatching on graft prognosis in liver transplantation from living 

donors. Transplantation 1999;67(2):321-327. 

[93] Sugawara Y., Makuuchi M., Takayama T., Imamura H., Dowaki S., Mizuta K., et al. 

Small-for-size grafts in living-related liver transplantation. Journal of the American 

College of Surgeons 2001;192(4):510-513. 

[94] Wojcicki M., Silva M.A., Jethwa P., Gunson B., Bramhall S.R., Mayer D., et al. Biliary 

complications following adult right lobe ex vivo split liver transplantation. Liver 

Transplantation 2006;12(5):839-844. 

[95] Zamir G., Olthoff K.M., Desai N., Markmann J.F., Shaked A. Toward further 

expansion of the organ pool for adult liver recipients: splitting the cadaveric liver into 

right and left lobes. Transplantation 2002; 74(12):1757-1761. 

[96] Smith B. Segmental liver transplantation from a living donor. Journal of Pediatric 

Surgery 1969;4(1):126-132. 

[97] Raia S., Nery J.R., Mies S. Liver transplantation from live donors. Lancet 

1989;2(8661):497. 

[98] Lo C., Fan S., Liu C., Lo R., Lau G., Wei W., et al. Extending the limit on the size of 

adult recipient in living donor liver transplantation using extended right lobe graft. 

Transplantation 1997;63(10) 1524-1528. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 76 

[99] Schiano T.D., Kim-Schluger L., Gondolesi G., Miller C.M. Adult living donor liver 

transplantation: the hepatologist’s perspective. Hepatology 2001;33(1):3-9. 

[100] Middleton P., Duffield M., Lynch S., Padbury R.T., House T., Stanton P., et al., Living 

donor liver transplantation-Adult donor outcomes: A systematic review. Liver 

Transplantation 2005;12(1):24-30. 

[101] Troisi R., Cammu G., Militerno G., De Baerdemaeker L., Decruyenaere J., Hoste E., et 

al. Modulation of portal graft inflow: a necessity in adult living-donor liver 

transplantation? Annals of Surgery 2003;237(3):429-436. 

[102] Hwang S., Lee S.G., Lee Y.J., Sung K.B., Park K.M., Kim K.H., et al. Lessons learned 

from 1000 living donor liver transplantations in a single center: how to make living 

donations safe. Liver Transplantation 2006;12(6):920-927. 

[103] Soejima Y., Taketomi A., Yoshizumi T., Uchiyama H., Harada N., Ijichi H., et al. 

Feasibility of left lobe living donor liver transplantation between adults: an 8-year, 

single-center experience of 107 cases. American Journal of Transplantation 

2006;6(5):1004-1011. 

[104] Olthoff K.M., Merion R.M., Ghobrial R.M., Abecassis M.M., Fair J.H., Fisher R.A., et 

al. Outcomes of 385 adult-to-adult living donor liver transplant recipients: a report from 

the A2ALL Consortium. Annals of Surgery 2005;242(3):314-323. 

[105] Foster R., Zimmerman M., Trotter J.F. Expanding donor options: marginal, living, and 

split donors. Clinics in Liver Disease 2007;11(2):417-429. 

[106] Man K., Fan S.T., Lo C.M., Liu C.L., Fung P.C., Liang T.B., et al. Graft injury in 

relation to graft size in right lobe live donor liver transplantation: a study of hepatic 

sinusoidal injury in correlation with portal hemodynamics and intragraft gene 

expression. Annals of Surgery 2003;237(2):256-264. 

[107] Jaeschke H. Molecular mechanisms of hepatic ischemia-reperfusion injury and 

preconditioning. American Journal of Physiology-Gastrointestinal and Liver 

Physiology 2003;284(1):G15-G26. 

[108] Ijaz, S., Yang, W., Winslet, M., Seifalian, A. Impairment of hepatic microcirculation in 

fatty liver. Microcirculation 2003;10(6):447-556.  

[109] Fernández L., Carrasco-Chaumel E., Serafín A., Xaus C., Grande L., Rimola, A., et al. 

Is ischemic preconditioning a useful strategy in steatotic liver transplantation? 

American Journal of Transplantation 2004;4(6):888-899. 

[110] Ben Mosbah I., Alfany-Fernández I., Martel C., Zaouali M., Bintanel-Morcillo M., 

Rimola A., et al. Endoplasmic reticulum stress inhibition protects steatotic and non-

steatotic livers in partial hepatectomy under ischemia-reperfusion. Cell Death and 

Disease 2010;1(e52):1-12. 

[111] Massip-Salcedo M., Roselló-Catafau J., Prieto J., Avila M., Peralta C. The response of 

the hepatocyte to ischemia. Liver International 2007;27(1):6-16. 

[112] Alfany-Fernández I., Casillas-Ramírez A., Bintanel-Morcillo M., Brosnihan K., 

Ferrario C., Serafin A., et al. Therapeutic targets in liver transplantation: angiotensin II 

in nonsteatotic grafts and angiotensin-(1-7) in steatotic grafts. American Journal of 

Transplantation 2009;9(3):439-451. 

[113] Casillas-Ramírez A., Alfany-Fernández I., Massip-Salcedo M., Juan M., Planas J., 

Serafin A., et al. Retinol-Binding protein 4 and peroxisome proliferator-activated 

receptor-γ in steatotic liver transplantation. Journal of Pharmacology and Experimental 

Therapeutics 2011;338(1):143-153. 



Expanding the Donor Pool in Liver Transplantation 77 

[114] Jiménez-Castro M.B., Elias-Miro M., Mendes-Braz M., Lemoine A., Rimola A., Rodés 

J., et al. Tauroursodeoxycholic acid affects PPARγ and TLR4 in steatotic liver 

transplantation. American Journal of Transplantation 2012;doi:10.1111/j.1600-

6143.2012.04261.x. 

[115] van Der Hoeven J.A., Ter Horst G.J., Molema G., de Vos P., Girbes A.R., Postema F., 

et al. Effects of brain death and hemodynamic status on function and immunologic 

activation of the potential donor liver in the rat. Annals of Surgery 2000;232(6):804-

813. 

[116] Qing D.K. Prolonging warm ischemia reduces the cold preservation limits of liver 

grafts in swine. Hepatobiliary & Pancreatic Diseases International 2006;5(4):515-520. 

[117] Ma Y., Wang G.D., Wu L.W., Hu R.D. Dynamical changing patterns of histological 

structure and ultrastructure of liver graft undergoing warm ischemia injury from 

nonheart-beating donor in rats. World Journal of Gastroenterology 2006;12(30):4902-

4905. 

[118] Rougemont O., Lehmann K., Clavien P. Preconditioning, organ preservation, and 

postconditioning to prevent ischemia-reperfusion injury to the liver. Liver 

Transplantation 2009;15(10):1172-1182. 

[119] Ben Mosbah I., Casillas-Ramírez A., Xaus C., Serafín A., Roselló-Catafau J., Peralta C. 

Trimetazidine: Is it a promising drug for use in steatotic grafts?. World Journal of 

Gastroenterology 2006;12(6):908-914. 

[120] Hata K., Tolba R.H., Wei L., Doorschodt B.M., Büttner R., Yamamoto Y., Minor T. 

Impact of polysol, a newly developed preservation solution on cold storage of steatotic 

rat livers. Liver Transplantation 2007;13(1):114-121. 

[121] Minor T., Akbar S. Enhancement of endogenous cyclic AMP signal: a new approach to 

allow for cold preservation of rat livers from non-heart-beating donors?. 

Transplantation 1998;66(8):990-994. 

[122] Miyagi S., Ohkohchi N., Oikawa K., Satoh M., Tsukamoto S., Satomi S. Effects of anti-

inflammatory cytokine agent (FR167653) and serine protease inhibitor on warm 

ischemia-reperfusion injury of the liver graft. Transplantation 2004;77(10):1487-1493. 

[123] Yamauchi J.I., Richter S., Vollmar B., Menger M.D., Minor T. Warm preflush with 

streptokinase improves microvascular procurement and tissue integrity in liver graft 

retrieval from non-heart-beating donors. Transplantation 2000;69(9):1780-1784. 

[124] Oikawa K., Ohkohchi N., Sato M., Satomi S. The effects of the elimination of Kupffer 

cells in the isolated perfused liver from non-heart-beating rat. Transplant International 

2000;13(S1):S573-S579. 

[125] Liu Q., Bruns H., Schultze D., Xue Y., Zorn M., Flechtenmacher C., Straub B.K., 

Rauen U., Schemmer P. HTK-N, a modified HTK solution, decreases preservation 

injury in a model of microsteatotic rat liver transplantation. Langenbeck’s Archives of 

Surgery 2012;(Epub ahead of print). 

[126] Zaouali M., Padrissa-Altés S., Ben Mosbah I., Alfany-Fernandez I., Massip-Salcedo 

M., Casillas Ramirez A., et al. Improved rat steatotic and nonsteatotic liver preservation 

by the addition of epidermal growth factor and insulin-like growth factor-I to 

University of Wisconsin solution. Liver Transplantation 2010;16(9):1098-111. 

[127] Ramalho F., Alfany-Fernandez I., Casillas-Ramírez A., Massip-Salcedo M., Serafín A., 

Rimola A., et al. Are angiotensin II receptor antagonists useful strategies in steatotic 

and nonsteatotic livers in conditions of partial hepatectomy under ischemia-



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 78 

reperfusion?. Journal of Pharmacology and Experimental Therapeutics 

2009;329(1):130-140. 

[128] Casillas-Ramírez A., Amine-Zaouali M., Massip-Salcedo M., Padrissa-Altés S., 

Bintanel-Morcillo M., Ramalho F., et al. Inhibition of angiotensin II action protects rat 

steatotic livers against ischemia-reperfusion injury. Critical Care Medicine 

2008;36(4):1256-1266. 

[129] Massip-Salcedo M., Zaouali M., Padrissa-Altés S., Casillas-Ramírez A., Rodés J., 

Roselló-Catafau J., Peralta C. Activation of peroxisome proliferator-activated receptor-

alpha inhibits the injurious effects of adiponectin in rat steatotic liver undergoing 

ischemia-reperfusion. Hepatology 2008;47(2):461-472. 

[130] Man K., Zhao Y., Xu A., Lo C., Lam K., Ng K., et al. Fat-derived hormone adiponectin 

combined with FTY720 significantly improves small-for-size fatty liver graft survival. 

American Journal of Transplantation 2006;6(3):467-476. 

[131] Özcan U., Yilmaz E., Ozcan L., Furushashi M., Vaillancourt E., Smith R., et al. 

Chemical chaperones reduce ER stress and restore glucose homeostasis in a mouse 

model of type 2 diabetes. Science 2006;313(5790):1137-1140. 

[132] Falasca L., Tisone G., Palmieri G., Anselmo A., Di Paolo D., Baiocchi L., et al. 

Protective role of tauroursodeoxycolate during harvesting and cold storage of human 

liver: a pilot study in transplant recipients. Transplantation 2001;71(9):1268-1276. 

[133] Anderson C.D., Upadhya G., Conzen K.D., Jia J., Brunt E.M., Tiriveedhi V., et al. 

Endoplasmic reticulum stress is a mediator of posttransplant injury in severely steatotic 

liver allografts. Liver Transplantation 2001;17(2):189-200. 

[134] Fiorini R.N., Shafizadeh S.F., Polito C., Rodwell D.W., Cheng G., Evans Z., et al. Anti-

endotoxin monoclonal antibodies are protective against hepatic ischemia/reperfusion 

injury in steatotic mice. American Journal of Transplantation 2004;4(10):1567-1573. 

[135] Ono H., Totsuka E., Hakamada K., Ishizawa Y., Nishimura A., Umehara M., et al. 

Attenuation of graft injury in porcine liver transplantation from non-heart beating donor 

by FR167653. Hepatogastroenterology 2005;52(63):885-892. 

[136] Ye S., Dong J., Han B. Protective effect of reduced glutathione and venous systemic 

oxygen persufflation on rats steatotic graft following liver transplantation. Journal of 

Surgical Research 2010;158(1):138-146. 

[137] Kim S.J., Park J.G., Lee S.M. Protective effect of heme oxygenase-1 induction against 

hepatic injury in alcoholic steatotic liver exposed to cold ischemia/reperfusion. Life 

Science 2012;90(5-6):169-176. 

[138] Frankenberg M.V., Forman D.T., Frey W., Bunzendahl H., Thurman R.G. Proteolysis 

but not ICAM-1 expression in fatty liver increased in tissue harvesting--role of Kupffer 

cells. Langenbecks Archives of Chirurgie Suppl Kongressbd 1998;115(S1):575-579. 

[139] Moore C., Shen X.D., Gao F., Busuttil R.W., Coito A.J. Fibronectin-alpha4beta1 

integrin interactions regulate metalloproteinase-9 expression in steatotic liver ischemia 

and reperfusion injury. American Journal of Pathology 2007;170(2):567-577. 

[140] Amersi F., Shen X.D., Moore C., Melinek J., Busittil R.W., Kupiec-Weglinski J.W., 

Coito A.J., Fibronectin-alpha 4 beta 1 integrin-mediated blockade protects genetically 

fat zucker rat livers from ischemi/reperfusion injury. American Journal of Pathology 

2003;162(4):1229-1239. 



Expanding the Donor Pool in Liver Transplantation 79 

[141] Moore C., Shen X.D., Fondevila C., Coito A.J. Fibronectin-alpha4beta1 integrin 

interactions modulate p42/44 MAPK phosphorylation in steatotic liver cold ischemia-

reperfusion injury. Transplantation Proceedings 2005;37(1):432-434. 

[142] Fondevila C., Shen X.D., Duarte S., Busuttil R.W., Coito A.J. Cytoprotective effects of 

a cyclic RGD peptide in steatotic liver cold ischemia and reperfusion injury. American 

Journal of Transplantation 2009;9(10):2240-2250. 

[143] Xu X.H., Peng H.S., Sun M.Q., Hu M., Zhang R., Wang W.H., et al. C-terminal peptide 

of anaphylatoxin C3a enhances hepatic function after steatotic liver transplantation: a 

study in a rat model. Transplantation Proceedings 2010:42(3):737-740. 

[144] Amersi F., Farmer D.G., Shaw G.D., Kato H., Coito A.J., Kaldas F., et al. P-selectin 

glycoprotein ligand-1 (rPSGL-Ig)–mediated blockade of CD62 selectin molecules 

protects rat steatotic liver grafts from ischemia/reperfusion injury. American Journal of 

Transplantation 2002;2(7):600-608. 

[145] El-Badry A., Moritz W., Contaldo C., Tian Y., Graf R., Clavien P. Prevention of 

reperfusion injury and microcirculatory failure in macrosteatotic mouse liver by omega-

3 fatty acids. Hepatology 2007;45(4):855-863 

[146] McCormack L., Dutkowski P., El-Badry A., Clavien P. Liver transplantation using fatty 

livers: Always feasible?. Journal of Hepatology 2011;54(5):1055-1062. 

[147] Fukunaga K., Takada Y., Taniguchi H., Yuzawa K., Otsuka M., Todoroki T., et al. 

Protecting the viability of hepatic allografts procured from non-heart-beating donors by 

blockade of endothelin and platelet activating factor in porcine liver transplantation. 

International Surgery 1998;83(3):226-231. 

[148] Kim Y.I., Kawano K., Goto S., Yoshida T., Kamada N. Efficacy of prostacyclin 

analogue (OP-2507) in viable hepatic grafts from pigs with non-beating hearts. 

Transplant International 1994;7(S1):S199-S203. 

[149] Net M., Valero R., Almenara R., Barros P., Capdevila L., López-Boado M.A., et al. The 

effect of normothermic recirculation is mediated by ischemic preconditioning in NHBD 

liver transplantation. American Journal of Transplantation 2005;5(10):2385-2392. 

[150] Minor T., Akbar S., Yamamoto Y. Adenosine A2 receptor stimulation protects the 

predamaged liver from cold preservation through activation of cyclic adenosine 

monophosphate-protein kinase A pathway. Liver Transplantation 2000;6(2):196-200. 

[151] Kudo A., Ban D., Aihara A., Irie T., Ochiai T., Nakamura N., et al. Decreased Mrp2 

transport in severe macrovesicular fatty liver grafts. Journal of Surgical Research 

2012;178(2):915-921. 

[152] Arai M., Thurman R.G., Lemasters J.J. Contribution of adenosine A(2) receptors and 

cyclic adenosine monophosphate to protective ischemic preconditioning of sinusoidal 

endothelial cells against storage/reperfusion injury in rat livers. Hepatology 

2000;32(2):297-302. 

[153] Net M., Valero R., Almenara R., Deulofeu R., López-Boado M.A., Capdevila L., et al. 

Hepatic preconditioning after prolonged warm ischemia by means of S-adenosyl-

Lmethionine administration in pig liver transplantation from non-heart-beating donors. 

Transplantation 2003;75(12):1970-1977. 

[154] Carrasco-Chaumel E., Rosello-Catafau J., Bartrons R., Franco-Gou R., Xaus C., 

Casillas A., et al. Adenosine monophosphate-activated protein kinase and nitric oxide 

in rat steatotic liver transplantation. Journal of Hepatology 2005;43(6):997-1000. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 80 

[155] Jiménez-Castro M.B., Casillas-Ramirez A., Massip-Salcedo M., Elias-Miro M., Serafin 

A., Rimola A., et al. Cyclic adenosine 3’,5’-monophosphate in rat steatotic liver 

transplantation. Liver Trasnsplantation 2011;17(9):1099-1110. 

[156] Lehmann T.G., Wheeler M.D., Schwabe R.F., Connor H.D., Schoonhoven R., 

Bunzendahl H., et al. Gene delivery of Cu/Zn-superoxide dismutase improves graft 

function after transplantation of fatty livers in the rat. Hepatology 2000;32(6):1255-

1264. 

[157] Lehmann T.G., Wheeler M.D., Froh M., Schwabe R.F., Bunzendahl H., Samulski R.J., 

et al. Effects of three superoxide dismutase genes delivered with an adenovirus on graft 

function after transplantation of fatty livers in the rat. Transplantation 2003;76(1):28-

37. 

[158] Coito A.J., Buelow R., Shen X.D., Amersi F., Moore C., Volk H.D., et al. Heme 

oxygenase-1 gene transfer inhibits inducible nitric oxide synthase expression and 

protects genetically fat Zucker rat livers from ischemia-reperfusion injury. 

Transplantation 2002;74(1):96-102. 

[159] Somia N., Verma I. Gene therapy: trials and tribulations. Nature Reviews: Genetics 

2000;1(2):91-99. 

[160] Monbaliu D., Brassil J. Machine perfusion of the liver: past, present and future. Current 

Opinion in Organ Transplantation 2010;15(2):160-166. 

[161] Starzl T., Groth C., Brettschneider L., Moon J., Fulginiti V., Cotton E., Porter K. 

Extended survival in 3 cases of orthotopic homotransplantation of the human liver. 

Surgery 1968;63(4):549-563. 

[162] Vogel T., Brockmann J., Friend P. Ex-vivo normothermic liver perfusion: an update. 

Current Opinion in Organ Transplantation 2010;15(2):167-172. 

[163] Imber C.J., St Peter S.D., Lopez de Cenarruzabeitia I., Pigott D., James T., Taylor R., et 

al. Advantages of normothermic perfusion over cold storage in liver preservation. 

Transplantation 2002;73(5):701-709. 

[164] Reddy S., Greenwood J., Maniakin N., Bhattachariya S., Zilvetti M., Brockmann J., et 

al. Non-heartbeating donor porcine livers: the adverse effect of cooling. Liver 

Transplantation 2005;11(1):35-38. 

[165] Schön M., Kollmar O., Wolf S., Schrem H., Matthes M., Akkoc N., et al. Liver 

transplantation after organ preservation with normothermic extracorporal perfusion. 

Annals of Surgery 2001;2338(1):114-123. 

[166] García-Valdecasas J., Fondevila C. In-vivo normothermic recirculation: an update. 

Current Opinion in Organ Transplantation 2010;15(2):173-176. 

[167] Valero R., Garica-Valdecasas J.C., Net M., Beltran J., Ordi J., Gonzalez F.X., et al. L-

arginine reduces liver and biliary tract damage after liver transplantation from non-

heart-beating donor pigs. Transplantation 2000;70(5):730-737. 

[168] Lee C.Y., Jain S., Duncan H.M., Zhang J.X., Jones J.W. Jr, Southard J.H., et al. 

Survival transplantation of preserved non-heart-beating donor rat livers: preservation by 

hypothermic machine perfusion. Transplantation 2003;76(10):1432-1436. 

[169] Dutkowski P., Furrer K., Tian Y., Graf R., Clavien P.A. Novel short-term hypothermic 

oxygenated perfusion (HOPE) system prevents injury in rat liver graft from non-heart 

beating donor. Annals of Surgery 2006;244(6):968-976. 

[170] Bessems M., Doorschodt B., van Marle J., Vreeling H., Meijer A., van Gulik T. 

Improved machine perfusion preservation of the non-heart-beating donor rat liver using 



Expanding the Donor Pool in Liver Transplantation 81 

Polysol: a new machine perfusion preservation solution. Liver Transplantation 

2005;11(11):1379-1388. 

[171] Rojas A., Chen L., Bartlett R.H., Arenas J.D. Assessment of liver function during 

extracorporeal membrane oxygenation in the non-heart beating donor swine. 

Transplantation Proceedings 2004;36(5):1268-1270. 

[172] Wang C.C., Wang S.H., Lin C.C., Liu Y.W., Yong C.C., Yang C.H., et al. Liver 

transplantation from an uncontrolled non-heart-beating donor maintained on 

extracorporeal membrane oxygenation. Transplantation Proceedings 

2005;37(10):4331-4333. 

[173] Vekemans K., Liu Q., Brassil J., Komuta M., Pirenne J., Monbaliu D. Influence of flow 

and addition of oxygen during porcine liver hypothermic machine perfusion. 

Transplantation Proceedings 2007;39(8): 2647-2651. 

[174] Vairetti M., Ferrigno A., Carlucci F., Tabucchi A., Rizzo V., Boncompagni E., et al. 

Subnormothermic machine perfusion protects steatotic livers against preservation 

injury: a potential for donor pool increase?. Liver Transplantation 2009;15(1):20-29. 

[175] Serafin A., Fernandez-Zabalegui L., Prats N., Wu Z., Rosello-Catafau J., Peralta, C. 

Ischemic preconditioning: tolerance to hepatic ischemia-reperfusion injury. Histology 

and Histopathology 2004;19(1):281-289. 

[176] Cutrin J., Perrelli M., Cavalieri B., Peralta C., Rosello-Catafau J., Poli G. Microvascular 

dysfunction induced by reperfusion injury and protective effect of ischemic 

preconditioning. Free Radical Biology and Medicine 2002;33(9):1200-1208. 

[177] Carini R., Albano E. Recent insights on the mechanisms of liver preconditioning. 

Gastroenterology 2003;125(5):1480-1491. 

[178] Franco-Gou R., Peralta C., Massip-Salcedo M., Xaus C., Serafín A., Roselló-Catafau J. 

Protection of reduced-size liver for transplantation. American Journal of 

Transplantation 2004;4(9):1408-1420. 

[179] Castillo C., Salazar V., Ariznavarreta C., Vara E., Tresguerres J. Effect of melatonin 

administration on parameters related to oxidative damage in hepatocytes isolated from 

old Wistar rats. Journal of Pineal Research 2005;38(4):240-246. 

[180] Nuzzo G., Giuliante F., Vellone M., De Cosmo G., Ardito F., Murazio M., et al. Pedicle 

clamping with ischemic preconditioning in liver resection. Liver Transplantation 

2004;10(2):S53-S57. 

[181] Koneru B., Fisher A., He Y., Klein K., Skurnick J., Wilson D., et al. Ischemic 

preconditioning in deceased donor liver transplantation: a prospective randomized 

clinical trial of safety and efficacy. Liver Transplantation 2005;11(2):196-202. 

[182] Azoulay D., DelGaudio M., Andreani P., Ichai P., Sebag M., Adam R., et al. Effects of 

10 minutes of ischemic preconditioning of the cadaveric liver on the graft's preservation 

and function: the ying and the yang. Annals of Surgery 2005;242(1):133-139. 

[183] Jassem W., Fuggle S., Cerundolo L., Heaton N., Rela M. Ischemic preconditioning of 

cadaver donor livers protects allografts following transplantation. Transplantation 

2006;81(2):169-174. 

[184] Barrier A., Olaya N., Chiappini F., Roser F., Scatton O., Artus C., et al. Ischemic 

preconditioning modulates the expression of several genes, leading to the 

overproduction of IL-1Ra, iNOS, and Bcl-2 in a human model of liver ischemia-

reperfusion. FASEB Journal 2005;19(12):1617-1626. 



M. B. Jiménez-Castro, M. Elias-Miró and C. Peralta 82 

[185] Amin M.G., Wolf M.P., TenBrook J.A. Jr, Freeman R.B. Jr, Cheng S.J., Pratt D.S., 

Wong J.B. Expanded criteria donor grafts for deceased donor liver transplantation 

under the MELD system: a decision analysis. Liver Transplantation 2004;10(12):1468-

1475. 


