
ADVERTIMENT. Lʼaccés als continguts dʼaquesta tesi queda condicionat a lʼacceptació de les condicions dʼús
establertes per la següent llicència Creative Commons: http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptación de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set
by the following Creative Commons license: https://creativecommons.org/licenses/?lang=en



 

Universitat Autònoma de Barcelona 

Departament de Cirurgia  

 

Graft Preservation and Ischemia Reperfusion Injury in Liver 

Transplantation. Studies in Immunomodulation and 

Attenuation of Injury 

 

DOCTORAL THESIS presented by Juan Echeverri Cifuentes to opt to the grade of 

Doctor 

 

Programa de Doctorat en Cirurgia i Ciències Morfològiques de la Universitat Autònoma 

de Barcelona, Barcelona, Spain 

 

Doctoral Thesis directed by Ramón Charco Torra 

Co-directors. Markus Selzner and Gonzalo Sapisochin 

Tutor. Manuel Armengol Carrasco 

 

 

 

 



D. RAMON CHARCO TORRA,  Jefe del Servicio de Cirugía HBP y Trasplantes del 

Hospital Universitario Vall d’Hebron de Barcelona    

 

HACE CONSTAR 

Que la TESIS DOCTORAL titulada “Graft Preservation and Ischemia Reperfusion 

Injury in Liver Transplantation. Studies in Immunomodulation and Attenuation of 

Injury” presentada por Juan Echeverri Cifuentes para optar al grado de Doctor se ha 

realizado bajo su dirección, y al considerarla concluida, autoriza su presentación para ser 

juzgada por el Tribunal correspondiente. 

 

Y para que conste los efectos firma la presente. 

 

Barcelona, Junio de 2021.  

 

 

 

 

Dr. Ramón Charco Torra  

Director de Tesis 

 

 

 

 

 
 



ACKNOWLEDGEMENT 
 
 

To Dr. Ramon Charco Torra  

My deepest gratitude for his mentorship and guidance during the elaboration of this 

doctoral thesis. My initial experiences during surgical residency paved the way for me 

to pursue a career in organ transplantation. I am deeply grateful to him and all the 

members of the liver transplant team at Hospital Universitari Vall D ´Hebron.  

 

To Dr. Gonzalo Sapisochin 

For his unconditional support and companionship in many aspects of my life. My 

deepest appreciation, gratitude, and admiration.  

 

To Dr. Markus Selzner 

I will always be grateful for giving me the opportunity to work in the ischemia 

reperfusion lab under his supervision. This unique exposure to basic science was 

paramount in my career as an academic surgeon. My 4 years of mentorship in Toronto, 

both in the lab and during clinical fellowship, have been the highlight of my career and 

the solid foundation for my constant pursue of the “savoir faire”.  

 

To Moritz Kaths and Nicolas Goldaracena 

Their teachings, support, and generosity were key for the elaboration of this scientific 

work. More important is what remains, and that is a lifelong friendship. My deepest 

gratitude to all members of the Toronto Ischemia Reperfusion Lab.  

 

To my family Maria Elena and Bere  

For their unconditional love and support throughout these years of absence while 

pursuing my dream to become an HPB and transplant surgeon. None of this would have 

been possible without their constant love and encouragement.   

 

To Maria  

The best journey companion I can ever have. None of these accomplishments would 

have been feasible without your love and support. 

 



 4 

List of Abbreviations 

 

 

OTL   Orthotopic Liver Transplantation  

 

ESLD    End Stage Liver Disease  

 

HCC    Hepatocellular Carcinoma  

 

ChC   Cholangiocarcinoma  

 

HCV    Hepatitis C Virus  

 

NASH   Non-alcoholic steatohepatitis 

 

HBV   Hepatitis B virus 

 

PSC    Primary Sclerosing Cholangitis 

 

PBC   Primary Biliary Cirrhosis 

 

FHF   Fulminant Hepatic Failure 

 

MELD   Model for End Stage Liver Disease 

 

PNF    Primary Non-Function 

 

DGF   Delayed Graft Function  

 

ECD    Extended Criteria Donors 

 

SFSS   Small for Size Syndrome 

 

ACS   Abdominal Compartment Syndrome 

 

PRS   Post-Reperfusion Syndrome 

 

CNI   Calcineurin Inhibitors 

 

MMF   Mycophenolate Mofetil 

 

HAT   Hepatic Artery Thrombosis 

 

NAS   Non-Anastomotic Strictures  

 

ERCP    Endoscopic Retrograde Cholangio Pancreatography 

 

UNOS   United Network of Organ Sharing 

 

DCD    Donation After Circulatory Death  



 5 

  

DBD    Donation After Brain Death 

 

IRI   Ischemia Reperfusion Injury  

 

WHO    World Health Organization 

 

SCS   Static Cold Storage  

 

WIT   Warm Ischemia Time 

 

ROS   Reactive Oxygen Species 

 

LSEC   Liver Sinusoidal Endothelial Cells  

 

KC   Kupffer Cells  

 

ATP    Adenosine Triphosphate 

 

NO   Nitric Oxide  

 

ET   Endothelin 

 

TXA2   Thromboxane A2 

 

TNF a   Tumor Necrosis Factor Alpha 

 

IL-1   Interleukin-1 

 

IL-12   Interleukin-12 

 

INF g   Interferon Gamma  

 

DC    Dendritic Cells 

 

HMP   Hypothermic Machine Perfusion 

 

HOPE   Hypothermic Oxygenated Machine Perfusion 

 

AST    Aspartate Aminotransferase 

 

ALT   Alanine Aminotransferase 

 

FMN   Flavin Mononucelotide  

 

SNMP   Sub-normothermic Machine Perfusion 

 

NRP   Normothermic Regional Perfusion 

 

PECAM  Platelet-endothelial cell adhesion molecule 



 6 

 

HSP70   Heat shock protein 70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 7 

TABLE OF CONTENTS 

 

1. Introduction/Literature Review……………...……………………………………. 9 

1.1 Liver Transplantation. Overview and Important Implications ……………….10 

 

    1.1.2 Indications and contraindications for liver transplantation…………………....10 

    1.1.3 Timing of Transplantation …………………………………………………….12 

    1.1.4 Donor Selection and The Surgical Procedure…………………………………14 

    1.1.5 Post-operative Graft Assessment and General Considerations………………..16 

1.2 Historical aspects of liver transplantation and graft preservation…………….18 

1.3 Organ shortage……………………………………………………………………19 

     1.3.1 Donation After Brain Death vs Donation After Circulatory Death…………...19  

1.4 Principles of Static Cold Storage…………………………………………………22 

     1.4.1 Hepatic Ischemia Reperfusion Injury…………………………………………24 

1.5 Principles of Machine Perfusion as a Preservation Technique………………...26 

      1.5.1 Hypothermic Machine Perfusion (HMP)…………………………………….27 

      1.5.2 Hypothermic Anoxic Machine Perfusion…………………………………….27 

      1.5.3 Hypothermic Oxygenated Machine Perfusion (HOPE)……………………...28 

      1.5.4 Sub-normothermic and Normothermic Machine Perfusion …………………29 

      1.5.5 Combined Strategies …………………………………………………………30 

2. Justification and Aims……...………………………………………………………32 

3. Publications ………………………………………………………………………...35 

4. Anti-inflammatory Signaling During Ex Vivo Liver Perfusion Improves the    

   Preservation of Pig Liver Grafts Before Transplantation………………………..36 

5. Comparison of BQ123, Epoprostenol, and Verapamil as Vasodilators During        

    Normothermic Ex Vivo Liver Machine Perfusion ………………………………37 



 8 

6. Discussion ……………………………………………………………...……….......38 

7. Conclusions ………………………………………………………………………...45 

8. Personal Views and Future Perspectives …………………………………………47 

9. References ………………………………………………………………………….51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

1. Introduction / Literature Review 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 10 

1.1 Liver Transplantation. Overview and Important Implications  

Orthotopic liver transplantation (OTL) is the only curative treatment for patients with 

acute or chronic liver failure 1,2,3. Since its early beginnings in the 1960s, both the 

number of patients who have received an organ and those in need of a transplant have 

increased dramatically 4,5. Outcomes have evolved from a 5-year survival of 50 % to 

greater than 70 % in most recent years 6,7. Advances in donor selection and 

management, perioperative patient optimization, organ preservation, surgical 

techniques, and immunosuppression have resulted in 1-year survival rates of 80- 90% 

8,9,10,11.    

 

1.1.2 Indications and contraindications for liver transplantation  

End stage liver disease (ESLD) causes over one million deaths per year worldwide. 

Therapeutic options for these patients are limited and transplantation remains the best 

treatment modality as it cures the complications associated with ESLD and the 

underlying disease in the majority of cases. The rationale to offer transplantation to a 

patient with chronic liver disease focuses on prolonging survival and improving quality 

of life 12.  Due to the scarcity of organs, the challenge remains in selecting patients who 

are most appropriate for transplantation in regard to the natural course of their disease 

and the number of complications which limit their quality of life 13. From a practical 

point of view, liver transplantation is indicated in patients who have an expected 

survival of less than one year due to the severity of their disease or to those who have an 

important limitation in their quality of life due to disease complications 14. In the case of 

hepatic malignancy such as patients with hepatocellular carcinoma (HCC), 

cholangiocarcinoma (ChC), neuroendocrine tumors or metastatic colorectal disease, the 
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indications and window of opportunity are much narrower and must adhere to 

oncological and non-futility principles in transplantation 15,16,17,18.  

The main indications for liver transplantation are ever evolving (Figure 1) 19. 

Hepatotropic viruses such as hepatitis C (HCV) which evolve to cirrhosis or HCC has 

been the main indication for liver transplant historically.  However, the burden of HCV 

has been in decline with the advent of new antiviral therapies. Non-alcoholic 

steatohepatitis (NASH) has been increasing in recent years and positioning itself as the 

main indication in the western world 20,21. Other causes comprise alcoholic liver disease, 

hepatitis B virus (HBV), metabolic diseases such as primary sclerosing cholangitis 

(PSC) or primary biliary cirrhosis (PBC), idiopathic liver failure, and fulminant hepatic 

failure (FHF). In recent years patients with perihilar cholangiocarcinoma, intra hepatic 

cholangiocarcinoma, and metastatic colorectal liver disease have been given the 

opportunity to be treated by the means of transplantation 22.  
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Absolute contraindications for transplantation are few these days. In general, the 

different scenarios that preclude transplantation are those in which there is enough 

evidence to assure that the outcome of transplantation is not acceptable given the 

conditions of the patient and its comorbidities. As a rule, uncontrolled infection, 

extrahepatic malignancy, active substance abuse or non-compliance, and irreversible 

brain damage are universal contraindications to transplantation. Other conditions such 

as age of the recipient, anatomical considerations, technical limitations, or adverse 

psychosocial factors are deemed as relative contraindications that should be reviewed 

by each transplant unit and decided upon their expertise 23.   

 

1.1.3 Timing of Transplantation  

Liver transplantation has been a victim of its own success. Due to the scarcity of organs 

the allocation process has undergone strict scrutiny over the years. Before 2002, patients 

were prioritized using the Child-Turcotte-Pugh scoring system 24 (Table 1), time on the 

waiting list, and location at time of organ offer. Although useful to some extent, the 

ever-increasing nature of transplant waiting lists demonstrated that the Child scoring 

system was not able to discriminate regarding disease severity and prioritization on the 

waiting list 25. Due to this limitation, the Model for End Stage Liver Disease (MELD) 

was developed as a strong predictor of mortality at 3 months, shifting the allocation 

strategy to a “sickest first” system 26,27 (Table 2). Since then, patients have been 

prioritized using this score world-wide. There are some caveats, as for patients with 

HCC who have low MELD scores but are in need of an organ due to the risk of tumor 

progression. In the case of oncologic progression, the situation leads them to be 

unsuitable for transplantation. To palliate this pitfall, patients with malignancies are 

given exception points while waiting for an organ offer, this way they are given the 
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opportunity of an organ despite not being fully affected by their underlying liver 

function as compared to their peers. Of note, both Child and MELD scoring systems are 

poor predictors of outcomes and survival after transplantation. Despite these limitations, 

the MELD scoring system continues to be the most used tool world-wide for allocation 

of organs for patients with ESLD.     

 

 

 

 

 



 14 

1.1.4 Donor Selection and The Surgical Procedure 

Adequate liver function once the organ is grafted to the recipient is of utmost 

importance. Different to other organs as kidney, pancreas, or in some cases heart 

transplantation, there is no artificial support for patients with post-transplant liver 

failure. Primary non-function (PNF), defined as non-life sustaining function of the graft, 

or delayed graft function (DGF), defined as impaired graft function which responds to 

support therapy, are to be avoided and kept in mind when accepting an organ offer. In 

PNF the only treatment is re-transplantation, taking into account the increase of 

morbidity and mortality in the recipient. Delayed graft function also increases morbidity 

and may lead to other complications associated with hemodynamic support 28,29,30.  

 

Donor selection is important to avoid PNF or DGF 10. Also, cold ischemia time and 

method of preservation previous to transplant are variables that impact the incidence of 

these complications. The use of extended criteria donors (ECD) defined as donation 

with advanced age, donation after cardiac death, prolonged ischemia time, steatotic 

grafts, and grafts from donors positive for HCV or HBV, is a tool to expand the donor 

pool 10, 31, 32, 33, 34, 35. However, the use of these marginal grafts portends an increase in 

post-transplant organ dysfunction. Other techniques such as splitting of liver grafts also 

lead to long procurement times, over manipulation of the graft and vascular 

complications in the recipient which may result in poorer outcomes 37,38,39,40. 

 

Donor and recipient are usually matched by ABO compatibility. Size matching is also 

important, a small graft transplanted into a large recipient could suffer of small for size 

syndrome (SFSS) and develop either PNF or DGF 41. Small for size syndrome is 

defined as prolonged cholestasis, coagulopathy, and ascites in the absence of ischemia 
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in the first week post-transplant by a liver graft that is unable to meet the metabolic 

demands of the recipient 42, 43. Smaller organs are easily adaptable to a big recipient 

with the risk of SFSS. A large liver adapted to a small recipient carries technical issues 

of abdominal closure or abdominal compartment syndrome (ACS), which in turn lead to 

vascular complications as arterial or venous thrombosis 44.  

 

Two different techniques have been described throughout the years. The classic 

technique comprises of en-block resection of the recipient’s liver with the retro-hepatic 

vena cava, thus being preceded by a total cross-clamping of the vena cava and portal 

vein 45. An alternative “Piggy-back” technique has been described with preservation of 

the vena cava. Partial clamping of the vena cava in the “Piggy-back” technique has 

gained acceptance over the years now that it reduces warm ischemia time, ensues 

hemodynamic stability during cross-clamping, preserves renal perfusion pressure, and 

improves post-operative renal recovery 46, 47, 48. In some cases, splachnic flow can be 

maintained through a porto-caval shunt during hepatectomy. This shunt is particularly 

useful in patients with FHF or metabolic diseases who lack portal-systemic collateral 

circulation in the splanchnic bed 49, 50, 51, 52, 53. Both the classical and “Piggy-back 

technique are valid from a technical point of view. The implementation of one 

technique over the other depends on the preference and expertise of each transplant unit, 

having a wide array of possibilities depending on the complexity of each particular 

patient.  In general, the peri-operative mortality of liver transplantation nowadays 

ranges from 3-5% and the 1-and 5 -year survival ranges between 80-90%, and 70-80 % 

respectively 54.  
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1.1.5 Post-operative Graft Assessment and General Considerations 

Several peri-operative events deserve to be mentioned. Since the very moment of 

reperfusion of the graft in the recipient, diverse immunological and hemodynamic 

events come into play.  

 

Post-reperfusion syndrome (PRS) has been described as a decrease in systemic arterial 

pressure to less than 70 % of the pre reperfusion value or a mean blood pressure below 

60 mmHg within 5 minutes of reperfusion and lasting at least one minute 55. The event 

of PRS has been described to be present between 25-55% of patients. Depending on the 

severity of the event, PRS can escalate to significant bradycardia resistant to 

chronotropic therapy and cardiac arrest 56,57. Although the mechanisms of PRS and 

bradycardia are not fully understood, marginal grafts or grafts from ECD are more 

prone to present this complication. Post reperfusion syndrome is associated with 

adverse outcomes, increased blood loss, kidney failure, higher incidence of graft loss 

and increased mortality 58. All strategies which optimize graft preservation previous to 

transplant seem to ameliorate this alarming complication 59. 

 

Other typical complications in the early post-operative period include bleeding with the 

need of transfusion of blood derived products, bowel injury, bowel obstruction, 

incisional hernia, deep vein thrombosis, pulmonary embolism, and infection 54.  

 

Following liver transplantation recipients depend on lifelong immunosuppression to 

prevent rejection and graft loss. Most common regimes of immunosuppression include a 

combination of steroids, calcineurin inhibitors (CNI), and mycophenolate mofetil 

(MMF). Over time, as the risk of acute rejection decreases, patients are weaned off 
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immunosuppression in an effort to minimize the occurrence of malignancy, CNI 

induced kidney injury, and infection.  

 

Biliary complications after liver transplantation have an incidence of 10 - 40%, having a 

significant impact on morbidity and mortality (8 -15%) 60,61,62. These complications 

comprise either biliary leak or stenosis, which lead to infectious complications and graft 

dysfunction. Risk factors influencing their occurrence are often related to technical 

issues during transplant, immunological phenomena, and graft preservation previous to 

transplant. Bile duct strictures are most often related to bile duct ischemia during 

procurement or preservation, and to hepatic artery thrombosis (HAT) in the transplanted 

graft 63,64 These are divided into anastomotic and non-anastomotic strictures (NAS) 65. 

Anastomotic strictures are more prone to be solved by endoscopic techniques such as 

endoscopic retrograde cholangio pancreatography (ERCP) or by surgical revision and 

conversion to a Roux-en-Y-hepaticojejunostomy 66,67,68. On the other hand, NAS are 

more troublesome and difficult to solve due to their heterogeneous location within the 

bile duct. The incidence of NAS varies from 1-20%, and up to 50% of patients with this 

complication die or require re-transplantation 69. The bile duct epithelium is very 

sensitive to ischemia, as its blood supply and oxygenation depends solely on the arterial 

system 60. Hepatocytes on the other hand receive dual blood supply from the hepatic 

artery and portal vein. Bile duct epithelial cells subjected to long periods of cold and 

warm ischemic injury are more prone to develop complications. All efforts focused to 

minimize bile duct injury during organ preservation may decrease morbidity and 

mortality associated with this deleterious entity.  
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1.2 Historical aspects of liver transplantation and graft preservation: 

Dr. Thomas Earl Starzl started developing the liver transplant model in humans around 

1963 70. It wasn’t until 1967 when his team performed the first successful liver 

transplant in humans at the University of Colorado and Denver Veterans Administration 

Hospitals. Among with his many accomplishments, he was responsible for the 

development of immunosuppression drugs such as Cyclosporine and Tacrolimus. 

Treatment of rejection along with the optimization of the surgical procedure, 

represented a significant advancement in transplant medicine. Dr. Starzl, then relocating 

at the University of Pittsburgh Medical Center, continued to move forward the field of 

transplantation taking it from an experimental procedure to an accepted form of 

treatment for patients with ESLD 71.  

 

During the first transplant procedures under Dr. Starzl´s supervision, organ preservation 

during procurement was performed using extracorporeal perfusion at 15º Celsius of the 

abdominal organs. Perfusion was started once the donor was declared dead as by 

cardiac arrest (donation after cardiac death). The perfusion device consisted of a 

glucose-primed bubble oxygenator, a single DeBakey pump, and a heat exchanger 70. 

The circuit was primed with 2 liters of 5% dextrose in water, procaine hydrochloride, 

penicillin, and heparin. Extracorporeal perfusion was maintained all throughout graft 

dissection. Once the team was ready to take out the liver, the organ was flushed with 

Lactate Ringers solution cooled to 15 º Celsius.    

 

Along with the development of surgical techniques for kidney and liver transplantation, 

physiologists and anatomists were gaining significant knowledge on how to keep the 

organs viable and functioning outside the body 72,73,74. Organ perfusion with blood was 
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being replaced by synthetic perfusates. Other preservation techniques rendered the use 

of lower temperatures to alter the organs metabolism and decrease tissue damage. The 

first cooling experiments were performed by Calne and colleagues, achieving kidney 

preservation by perfusion of cooled blood through the renal artery 75. Later, Collins 

would develop an acellular solution that would mimic the intracellular electrolyte 

balance of the cell and move forward the field of static cold storage 76. From that 

moment on, static flush cooling of organs followed by preservation on ice expanded the 

occurrence of multiple organ procurement. Multiple organs could be harvested from a 

same donor without jeopardizing the viability of one organ over the other 77.   

 

1.3 Organ shortage 

1.3.1 Donation After Brain Death vs Donation After Circulatory Death   

Despite the advances in the field of liver transplantation, scarcity of organs continues to 

be an important limitation. Expanding criteria for marginal donors with the aim to 

increase the donor pool is not sufficient to fulfil the need for this life saving procedure.  

 

According to the United Network of Organ Sharing (UNOS), during 2018, a total of 

11,844 patients were added to the liver transplant waiting list in the United States 78. Of 

these, 8,250 patients were transplanted. Of note, 95.7% of these recipients received an 

organ from a deceased donor. The remaining transplants were performed with grafts 

from living donors. Waitlist mortality varied geographically, reaching 37.4 per 100 

waitlist-years in some regions. Despite the increase in organ donation from young 

donors due to the opioid epidemic in the US, 707 livers were discarded during 2018. 

The organ discard rate (percentage of livers recovered for transplant and not 

transplanted) was 8.4%. The discard rate varied among donor age groups, being higher 
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in older donors 78(Figure 2). This suggest an opportunity to increase the donor pool. Ex 

vivo machine perfusion arises as an objective tool for assessment and repair of these 

grafts that otherwise would be discarded according to current clinical practice.  

 

 

 

During the beginnings of liver transplantation, grafts from donation after circulatory 

death (DCD) were the main donor source. Along with the development of preservation 

solutions, the definition of brain death by the Ad Hoc Committee of the Harvard 

Medical School in 1968 increased the use of grafts from donation after brain death 

(DBD) 79-80.  

 

In contrast to DCD, DBD grafts are of better quality and less prone to ischemia 

reperfusion injury (IRI) during procurement. Oxygenated blood is perfused through the 

organs by the donor´s heart while the surgical team dissects the organs. Warm ischemia 

is minimized in DBD. Immediately after physiological blood perfusion of the organs 

ceases, cold preservation solution is infused to the organs 81. In DCD, procurement can 

only be executed once cardiac arrest is certified. This period of time between cessation 

of hemodynamic support and cardiac arrest portends a critical period of warm ischemia 
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and poor perfusion that harms the graft. Organs from older donors, or those with fatty 

infiltration tolerate badly this period of warm ischemia. Discard rates of DCD are 

known to be higher than DBD grafts due to the lower quality and nature of procurement 

technique 82. Nowadays, DBD represents the main source of organs for transplantation 

in the western world.  

 

Despite being a good source, DBD is not enough to supply the demand and limit 

waitlist mortality. In 1990, DCD regained interest by the initiative of transplant teams in 

the Netherlands 83,84. It was not until 2011 when this procurement modality was 

approved by the World Health Organization (WHO) 85. Since then, this practice has 

been adopted by many countries world-wide. Donation after cardiac death donors are 

classified according to the Maastritch Classification 86 (Table 3). Type I, II, and V 

donors are uncontrolled and within the DCD classification carry a higher risk of graft 

dysfunction upon their use. Type III and IV donors are controlled, thus facilitating 

logistics during procurement and minimizing warm ischemic injury previous to 

transplantation.  
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In recent years the use of DCD grafts has increased in North America and Europe 

demonstrating promising results. Extended criteria donors along with DCD has 

expanded the donor pool. However, the discard rate of DCD grafts compared to those 

derived from DBD continues to be high 78 (Figure 3). In general, 20-30 % discard rates 

following recovery are reported for DCD. An important limitation of DCD grafts is the 

associated risk of developing post-transplant complications such as PNF and ischemic 

type biliary strictures. Despite these limitations and concerns, some series report that 

long term results in patients transplanted with DCD grafts seem to have similar patient 

survival compared to those receiving DBD grafts 87, 88. Of note, in donors with a warm 

ischemia time (WIT) over 25 minutes, an increased risk for diminished graft survival 

has been seen. 

 

 

 

1.4 Principles of Static Cold Storage:  

Static cold storage (SCS) inhibits enzymatic activity, limits ATP consumption, and 

decreases redox potential of the cell 89. During hypoxia transport of H+ and e- ceases, 

thus creating accumulation of reduced species and subsequent mitochondrial 

dysfunction. These phenomena are linked with a disbalance in ionic transport which 
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results in edema and alterations of water homeostasis. In turn, the cell swells and is 

more prone to injury and dysfunction as a whole 90,91.  

 

The basis of preservation solutions is protection of intracellular compartments upon the 

onset of ischemic damage. The initial Collins solution introduced for clinical use had a 

high content of potassium and used glucose to create an osmotic barrier within the cell 

76. The development of solutions towards longer preservation periods was achieved by 

substituting glucose with mannitol or sucrose. Euro-Collins solution was widely used as 

an optimal preservation solution until the 1980s. Since then, many other solutions have 

been developed having colloids and citrate as impermeant molecules; buffers such as 

bicarbonate, phosphate, histidine, and lactobionate to stabilize pH and protein 

degradation; free radical scavengers as glutathione and tryptophan to counteract reactive 

oxygen species (ROS); and nutrients to support metabolic activity of the cell during 

cold ischemia 92 (Table 4).   
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1.4.1 Hepatic Ischemia Reperfusion Injury:  

Ischemia reperfusion injury continues to be the most common cause of post-transplant 

graft dysfunction. Tissue damage during IRI is biphasic in nature. The first hit is 

encountered by the graft during organ procurement once perfusion with oxygenated 

blood ceases and cold static preservation solution is infused to the liver bed. The second 

hit comes when the graft is re-perfused in the recipient with warm blood 93, 94. Both 

events are characterized by amplification of an inflammatory response which takes into 
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account hepatocytes, liver sinusoidal endothelial cells (LSEC), Kupffer cells (KC), 

stellate cells, lymphocytes, macrophages, and platelets 95,96.   

 

Hypoxia during cold ischemia leads to mitochondrial dysfunction which in turn triggers 

abruption of oxidative phosphorylation and adenosine triphosphate (ATP) depletion. 

This creates an imbalance in electrolyte homeostasis, acceleration of glycolysis and 

lactate accumulation. During reperfusion injury (once the graft is transplanted), 

reintroduction of oxygen to ischemic tissues amplifies the inflammatory cascade 

generating ROS.  Shear stress derived from blood perfusion onto the LSEC, recruits 

neutrophils which in turn activate immunological signaling pathways within the liver 

milieu 90 . 

 

Liver sinusoidal endothelial cells are in the front line of defense against IRI. Their role 

is to control vascular tone, inflammation, homeostasis, and maintain toxic clearance. 

During cold ischemia, LSEC and KP undergo edema due to transient transmembrane 

transport dysfunction. Along with the dysregulation of nitric oxide (NO), endothelin 

(ET), and thromboxane A2 (TXA2), narrowing of the sinusoidal space leads to 

microcirculation dysfunction and alteration of homeostasis 97. During reperfusion, 

LSEC and KC suffer a profound activation process which involves activation of tumor 

necrosis factor alpha (TNF a), interleukin-1 (IL-1), interleukin-12 (IL-12), and 

interferon g (INF g). These pro-inflammatory cytokines upregulate the expression of 

adhesion molecules and activate the recruitment of CD4+ T Lymphocytes 98,99,100.  

 

The initial innate immune response is non-antigen specific and supports itself in the 

activation of macrophages, neutrophils, dendritic cells (DC), and natural killer cells. 



 26 

Amplification of the immune response leads to activation of the antigen-specific 

pathway, which in turn leads to recruitment of antigen presenting cells, and T/B cell 

interactions. The bigger the response, the more prone is the recipient to develop 

rejection in the future 101.   

 

Better understanding of the molecular mechanisms involved in the two phases of IRI  

have led to investigate immunomodulation in murine and porcine models. 

Unfortunately, none of these models have been translated to clinical practice. Any 

intervention in the donor to modulate IRI solely for its attenuation on the liver would 

affect other organs during procurement. These interventions are not realistic from a 

clinical perspective and none have been implemented with success in clinical practice.  

Ex vivo machine perfusion gives us the opportunity for the first time to apply these 

interventions without harming other grafts.  

 

1.5 Principles of Machine Perfusion as a Preservation Technique.  

The organ shortage has resulted in a high mortality on the waiting list for liver 

transplantation. This has triggered interest in extending the donor pool by using 

marginal grafts, such as those retrieved from elderly donors, DCD grafts, or livers with 

steatosis. Strategies as hypothermic machine perfusion (HMP), hypothermic oxygenated 

machine perfusion (HOPE), sub-normothermic machine perfusion, and normothermic 

machine perfusion have the potential to improve the outcome of liver transplantation 

with marginal grafts by reducing preservation injury and improving graft assessment.  

Ex vivo liver perfusion was tested initially in animal models and with discarded human 

grafts before its application in clinical trials. In this portion of the literature review we 

will focus on the different types of ex vivo perfusion techniques.  
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1.5.1 Hypothermic Machine Perfusion (HMP)  

Several groups have focused their research on HMP following the promising results of 

cold perfusion in kidney grafts 102. These strategies are based on the principle of 

“washing out” waste products from the vascular endothelium, thus enhancing 

preservation time and allowing assessment previous to transplantation. None of these 

advantages are seen with SCS.  

 

1.5.2 Hypothermic Anoxic Machine Perfusion 

The team from Columbia University validated their perfusion device with the use of 

non-transplantable discarded human livers along with a porcine liver transplant model. 

Grafts were perfused via portal vein and hepatic artery with Vasosol solution at a 

temperature of 3 – 5ºC 103. The device used was a flow-controlled modified Medtronic 

Portable By-Pass system. In the discard protocol the group reports no technical issues or 

machine failure. Once translated to the porcine liver transplant model, no differences 

were seen between livers subjected to HMP compared to those preserved by SCS. This 

proof of concept study was the basis to move forward to the first HMP clinical trial 104. 

The study included 20 liver transplant recipients of standard criteria grafts undergoing 

HMP preservation. Cases were matched to SCS controls. The HMP group presented 

less post-transplant hospital stay, no vascular complications, less biliary complications, 

lower IRI markers and less incidence of EAD. There were no cases of PNF in either 

group 104. 

 

The model was challenged with the use of ECD grafts. Published in 2015, the study 

demonstrated the benefits of hypothermic anoxic machine perfusion over SCS regarding 
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outcomes with extended criteria grafts 105. Assessment of adhesion molecules as well as 

inflammatory cytokines indicated decreased markers of inflammation within grafts 

preserved with HMP. As seen in other studies, HMP proved to achieve better results 

than SCS regarding post-transplant complications and length of stay 105, 106.  

 

1.5.3 Hypothermic Oxygenated Machine Perfusion (HOPE) 

Hypothermic oscillating machine perfusion was initially described in a murine 

perfusion model 107,108. Compared to SCS, rat livers subjected to cold machine perfusion 

were charged regarding ATP stores. This was measured by computer-aided liver 

perfusion devices.  In subsequent animal experiments HOPE demonstrated reduction of 

necrosis, less release of aspartate aminotransferase (AST) and increased bile flow in 

DCD grafts during reperfusion 109,110, 111 .   

 

Similar, hypothermic oxygenated machine perfusion was evaluated in a human study 

involving eight end stage liver disease recipients receiving DCD grafts (Maastricht 

category III). Livers were perfused for a period of 1-2 hours prior to transplantation. 

Recipients of perfused DCD grafts were matched with recipients of standard criteria 

grafts (brain death donors). After reperfusion, each perfused DCD graft had excellent 

function with low serum AST and alanine aminotransferase (ALT) levels. Post-

transplant hospital-stay and costs were comparable in DCD and standard criteria graft 

recipients. During the 6-month follow up no patients in the study group presented bile 

duct strictures 112,113,114. Seven-year results of HOPE treatment for EC grafts from DBD 

and DCD have been presented validating fluorometric analysis of flavin 

mononucleotide (FMN) as a marker of mitochondrial injury. The levels of FMN 
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correlate with the grade of injury and identify those livers which pose a risk for PNF or 

DGF 115.  

 

1.5.4 Sub-normothermic and Normothermic Machine Perfusion  

The principle of normothermic and sub-normothermic machine perfusion (SNMP) is to 

maintain a metabolically active graft prior to transplantation. Opposed to cold perfusion, 

temperatures above 33 ºC are expected to maintain metabolic activity, thus giving 

physicians the opportunity to objectively assess the graft and modulate IRI.  

 

Several groups demonstrated that sub-normothermic ex vivo liver perfusion reduced 

liver and bile duct injury in DCD and marginal grafts in porcine liver transplant models 

116, 117, 118, 119, 120, 121, 122. This technology offers for the first time a platform with the 

potential to modulate the immune response, treat hepatitis C, apply stem cell therapy 

and deliver nanoparticles previous to transplantation 123.  

 

The first clinical trial of Normothermic Machine Perfusion (NMP) was presented in 

2016 by Ramikuvar et al 124. Twenty grafts were perfused and subsequently 

transplanted. Compared to SCS controls, seven-day peak AST levels post-transplant 

were lower in the NMP group. Other groups subjected discarded livers to NMP and 

transplanted these grafts obtaining good results and function at 7 months post-transplant 

125. The first clinical trial results in North America presented by Selzner et al, 

demonstrated the feasibility of perfusing standard criteria grafts. Twelve perfused grafts 

had lower levels of AST and ALT post-transplant compared to SCS controls 126. 

Ultimately, Nasralla et al presented the first randomized controlled trial comparing 

NMP to SCS. The authors selected differences in peak AST levels as the primary end 
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point. As hypothesized, grafts undergoing NMP presented lower levels of peak AST 

compared to those preserved on ice 127. The organ discard rate was 50% lower in the 

NMP group. No differences in bile duct complications, graft survival or patient survival 

were seen between groups.  

Despite the promising results of NMP and SNMP, perfusion devices and perfusates 

continue to pose a challenge regarding costs and logistics. Blood-based perfusates lead 

to dependence on blood products from the blood bank. Devices such as the Organox â, 

Liver Assistâ, and Transmedicsâ perfusion device use blood derived products 

combined with albumin-based colloids to maintain osmotic pressure.  

Normothermic regional perfusion (NRP) has appeared as an initiative to overcome the 

logistic and economical limitations of NMP and SNMP 128,129. Following femoral artery 

and vein donor cannulation after cardiac arrest, the abdominal organs are perfused in 

situ using the donor´s blood. Liver function is assessed for a period of 2 – 4 hours by 

measurement of liver enzymes and lactate clearance. In countries as Spain the law 

consents donor cannulation previous to treatment withdrawal. In uncontrolled DCD 

Maastricht type III this advantage has shortened warm ischemia times and shown 

promising results compared to other countries who have a more rigorous law. 

Normothermic regional perfusion has shown a benefit in reducing biliary complications 

and graft loss with the use of controlled and uncontrolled DCD grafts 130,131.  

 

1.5.5 Combined Strategies 

Combined strategies of NRP and HMP for DCD grafts have been reported as feasible 

132. Good outcomes regarding post-transplant graft function and ischemic bile duct 

injury have been reported. Other groups have reported an “all warm” technique by 

combining NRP and NMP. This technique supports an ischemia free procurement and 
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preservation avoiding cold flush of the liver. Of note, the procedure is complex from a 

technical point of view and has limitations regarding it´s application to current clinical 

practice 133. To date there is no clinical trials comparing all different strategies of 

machine perfusion. 
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2. Justification and Aims 
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The optimal perfusion setup and temperature for ex-vivo machine preservation of liver 

grafts has not been defined yet. Despite numerous studies in porcine models and human 

clinical trials, no direct comparison has been done using different compositions of the 

perfusate. Adding anti-inflammatory agents plus sub-normothermic temperature could 

improve the protective effects of ex vivo organ perfusion.  

 

On the other hand, the use of vasodilators during ex vivo normothermic and sub-

normothermic graft preservation has not been compared and validated among different 

perfusion setups. Vasodilators reverse hepatic artery vasospasm caused by static cold 

storage and attenuate ischemia reperfusion injury. The optimal vasodilator to be used 

during ex vivo graft preservation with an effective and safe profile is still to be 

determined. 

Our goal is to study the application of protective anti-inflammatory strategies with the 

addition of substances known to attenuate ischemia reperfusion injury. 

 

Therefore, the general objective of this thesis is to provide knowledge on liver graft 

preservation with the use of ex-vivo machine perfusion.  

 

 

Specific Aims 

1. To evaluate if the addition of anti-inflammatory agents plus sub-

normothermic temperature improves the protective effects of ex vivo organ 

perfusion on preservation injury in a porcine liver transplant model.  
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This aim was developed in the study “Anti-inflammatory Signaling During Ex 

Vivo Liver Perfusion Improves the Preservation of Pig Liver Grafts Before 

Transplantation” published in Liver Transplantation in November 2016. 

 

2. To compare the safety and efficacy of 3 different types of vasodilators,  

BQ123 (endothelin 1 antagonist), Epoprostenol (prostacyclin, prostaglandin I2) 

and Verapamil (non-dihydropyridine calcium channel antagonist) during 

normothermic ex-vivo liver machine perfusion in a porcine transplant model.  

These aims were developed in the second study “Comparison of BQ123, 

Epoprostenol, and Verapamil as Vasodilators During Normothermic Ex Vivo 

Liver Machine Perfusion” published in Transplantation in April 2018.  
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Anti-inflammatory Signaling During Ex
Vivo Liver Perfusion Improves the
Preservation of Pig Liver Grafts Before
Transplantation
Nicolas Goldaracena,1 Juan Echeverri,1,4 Vinzent N. Spetzler,1 Johan M. Kaths,1

Andrew S. Barbas,1 Kristine S. Louis,1 Oyedele A. Adeyi,2 David R. Grant,1 Nazia Selzner,3 and
Markus Selzner1

Departments of 1Surgery, 2Pathology, and 3Medicine, Multi-Organ Transplant Program, Toronto General Hospital, University of
Toronto, Toronto, Ontario, Canada; and 4Programa de Doctorat en Cirurgia i Ciències Morfol!ogiques, Universitat Aut!onoma de
Barcelona, Barcelona, Spain

Normothermic ex vivo liver perfusion (NEVLP) improves graft preservation by avoiding cold ischemia injury. We investigated
whether the protective effects of NEVLP can be further improved by applying strategies targeted on reducing the activation of
proinflammatory cytokines during perfusion. Livers retrieved under heart-beating conditions were perfused for 4 hours. Follow-
ing the preservation period, a pig liver transplantation was performed. In group 1 (n 5 5), anti-inflammatory strategies (alpros-
tadil, n-acetylcysteine, carbon monoxide, sevoflurane, and subnormothermic temperature [338C]) were applied. This was
compared with a perfused control group (group 2) where livers (n 5 5) were perfused at 378C without anti-inflammatory
agents, similar to the setup used in current European clinical trials, and to a control group preserved with static cold storage
(group 3). During 3-day follow-up, markers of reperfusion injury, bile duct injury, and liver function were examined. Aspartate
aminotransferase (AST) levels during perfusion were significantly lower in the study versus control group at 1 hour (52 6 6
versus 162 6 86 U/L; P 5 0.01), 2 hours (43 6 5 versus 191 6 111 U/L; P 5 0.008), and 3 hours (24 6 16 versus 218 6

121 U/L; P 5 0.009). During perfusion, group 1 versus group 2 had reduced interleukin (IL) 6, tumor necrosis factor a, and
galactosidase levels and increased IL10 levels. After transplantation, group 1 had lower AST peak levels compared with group 2
and group 3 (1400 6 653 versus 2097 6 1071 versus 1747 6 842 U/L; P 5 0.47) without reaching significance. Bilirubin lev-
els were significantly lower in group 1 versus group 2 at day 1 (3.6 6 1.5 versus 6.60 6 1.5 lmol/L; P 5 0.02) and 3 (2 6

1.1 versus 9.7 6 7.6 lmol/L; P 5 0.01). A trend toward decreased hyaluronic acid, as a marker of improved endothelial cell
function, was observed at 1, 3, and 5 hours after reperfusion in group 1 versus group 2. Only 1 early death occurred in each
group (80% survival). In conclusion, addition of anti-inflammatory strategies further improves warm perfused preservation.

Liver Transplantation 22 1573–1583, 2016 AASLD.
Received January 15, 2016; accepted July 21, 2016.

Warm ex vivo liver perfusion has emerged as an alter-
native organ preservation method for liver transplanta-
tion (LT).(1-3) Reducing cold ischemia time is an

attractive strategy to minimize cold ischemia injury,
which is poorly tolerated by marginal grafts. Most
studies so far have focused on using warm perfused
preservation as a technique to avoid cold storage. The
new technique of warm perfused graft preservation,
however, extends beyond changing cold storage to
warm perfusion. The active metabolism during the
warm perfused preservation time offers the opportunity
to assess graft function, but also to provide mediators
against preservation injury prior to reperfusion. Reper-
fusion injury in the setting of LT is characterized by
the activation of a proinflammatory cascade, which
includes release of interleukin (IL) 1, IL6, and tumor
necrosis factor a (TNF-a). Warm perfused graft

Abbreviations: ALP, alkaline phosphatase; AST, aspartate amino-
transferase; CO, carbon monoxide; DCD, donation after circulatory
death; EC, endothelial cell; ELISA, enzyme-linked immunosorbent
assay; H & E, hematoxylin-eosin; HA, hyaluronic acid; HBD,
heart-beating donor; HPF, high-power field; HSP70, heat shock pro-
tein 70; IL, interleukin; INR, international normalized ratio; IRI,
ischemia/reperfusion injury; LT, liver transplantation; NEVLP, nor-
mothermic ex vivo liver perfusion; PECAM-1, platelet-endothelial
cell adhesion molecule; SCS, static cold storage; TNF-a, tumor necro-
sis factor a.
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preservation represents a new platform to apply anti-
inflammatory strategies before graft reperfusion.

Both subnormothermic and normothermic tech-
niques have been investigated with very good results in
porcine models.(1,2,4) The optimal perfusate composi-
tion and temperature have not been defined yet. The
impact of applying anti-inflammatory strategies to the
perfusion system is unclear. The addition of different
anti-inflammatory agents during ex vivo perfusion
might have additional protective effects on the graft
besides avoiding cold ischemia injury. In addition, sub-
normothermic temperatures have strong inhibitory
effects on Kupffer cells with a reduction of proinflam-
matory cytokine release in rodent and porcine
models.(5-8)

In the present study, we evaluated if the addition of
anti-inflammatory agents plus subnormothermic tem-
peratures improves protective effects of ex vivo organ
perfusion on preservation injury in a porcine transplant
model.

Material and Methods
STUDY DESIGN

Using a porcine LT model, 2 different ex vivo liver
perfusion setups were applied as preservation methods
and compared with one another. Only livers retrieved
from heart-beating donors (HBDs) were used in this
study. In 1 group, before LT occurred, livers were per-
fused under subnormothermic conditions (338C) using
our previously described perfusion system (group
1).(2,9) In the second group (group 2), livers were per-
fused under normothermic conditions (378C) as
described and were used in current clinical trials.(10) A
third group (group 3) of livers were preserved under
static cold storage (SCS) for a period of 6 hours

without ex vivo machine perfusion before transplanta-
tion and were compared with the 2 perfused liver
groups in order to assess differences between standard
current practice and novel perfusion setups. Besides
the temperature at which the grafts were perfused, per-
fusates differed only in the presence or absence of anti-
inflammatory strategies and the type of vasodilator. In
both groups, a HBD pig liver retrieval was performed
and after a short period of cold ischemia time (2
hours), liver grafts were perfused for 4 hours with
either perfusion method. Following the preservation
period (6 hours overall), orthotopic pig LT was per-
formed as previously described.(11) Pigs were killed 3
days after transplantation. Five pigs were included in
each group.

ANIMALS

Male Yorkshire pigs, 30-35 kg, were used for this
study. All animals received humane care in compliance
with the “Principles of Laboratory Animal Care” for-
mulated by the National Society for Medical Research
and the “Guide for the Care of Laboratory Animals”
published by the National Institutes of Health. The
Animal Care Committee of the Toronto General
Research Institute approved all studies.

EX VIVO PERFUSION SETUP
DESCRIPTION

In group 1, a subnormothermic ex vivo liver perfusion
was performed as previously described by our
group.(2,9) Briefly, the liver was perfused at 338C with
a continuous flow through the hepatic artery and portal
vein. Perfusion through the hepatic artery was set at a
pressure of 60 mm Hg resulting in a flow of approxi-
mately 400 mL/minute. The portal vein pressure was
adjusted between 2 and 4 mm Hg corresponding to a
flow of 900 to 1100 mL/minute. In this perfusion sys-
tem, different agents were added to the perfusate due
to their anti-inflammatory properties. Therefore, com-
position of the perfusate consisted of 1.5 L of Steen
solution (XVIVO Perfusion, Goteborg, Sweden) and
washed pig erythrocytes to achieve a hematocrit of
15%. Before adding them to the perfusion system,
erythrocytes were passed through a leukocyte filter and
washed once in sterile saline solution to avoid contami-
nation with leukocytes or plasma. The Steen solution
is a buffered extracellular-type solution containing dex-
tran and albumin to provide an optimized colloid
osmotic pressure. The perfusate contained heparin
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(10,000 IU; Sandoz Canada, Quebec, QC, Canada),
amino acid concentrate (Travasol 4.25%, 50 mL bolus
plus 8 mL/hour; Baxter, Hamilton, ON, Canada),
D50W (2-5 mL/hour; Baxter, Mississauga, ON,
Canada), and insulin (125 IU/hour; NovoRapid, Novo
Nordisk, Mississauga, ON, Canada). Also, cefazolin
(1 g; Pharmaceutical Partners of Canada, Richmond
Hill, ON, Canada) and metronidazole (500 mg;
Baxter, Mississauga, ON, Canada) were added to pre-
vent bacterial contamination. To improve flow proper-
ties by vasodilatation, a bolus of BQ123(12) at both
perfusion initiation and after 2 hours (1.25 mg; AG
Scientific, Kelowna, BC, Canada) were used. Also, a
continuous infusion of prostaglandin E1 (500 lg/3
hours; Pfizer, Kirkland, QC, Canada) was administrat-
ed for its anti-inflammatory property as described.(13)

Acetylcysteine(14) (6 g; Sandoz, Quebec, QC, Canada)
was added for its radical scavenging properties. A gas
composition containing 95% O2 and 5% CO2 was
connected to the oxygenator at a sweep of 2 L/minute.
Additionally, active gaseous components were added:
carbon monoxide (CO; 750 ppm; Praxair, Burlington,
ON, Canada) for its vasodilatative and anti-
inflammatory properties(15-18) and sevoflurane (1%,
Abbott, Saint-Laurent, QC, Canada) for its protective
properties on endothelial cells (ECs).(19)

Our perfusion system was compared with a different
perfusion setup (group 2) whose composition was
based on the perfusion system used for the recently
completed European randomized controlled trial using
the Metra perfusion device.(1,10) To facilitate the com-
parison between the 2 perfusion systems, Steen solu-
tion was also used to provide physiological oncotic
pressure to the group 2 perfusate. In this case, perfu-
sion was performed at 378C (normothermic condi-
tions). The circuit was primed with the following
components: 1.5 L of Steen solution and washed pig
erythrocytes, heparin (10,000 IU), 20 mmol of sodium
bicarbonate, and 9.2 mmol/L of calcium chloride. As a
vasodilator, prostacycline (Flolan, GlaxoSmithKline
Inc., Mississauga, ON, Canada) was administered at a
continuous infusion of 4 mL/hour (8 lg/hour) as pre-
viously described.(10) Nutrition of the perfusate con-
sisting of 96 g aminoacids and 300 g glucose were
adjusted to keep a perfusate glucose level of !10
mmol/L. Regular human insulin (NovoRapid Insulin
Aspart, Novo Nordisk Inc., Mississauga, ON, Canada)
at 100 IU was also administered to the perfusate. The
same antibiotic prophylaxis described in group 1 was
used to prevent bacterial contamination in the control
group perfusion. Gas composition consisted only of

95% O2 and 5% CO2. No anti-inflammatory additives
were included in this group.

PIG LT

A model of HBD liver procurement was used. Donor
pigs received 30,000 IU of heparin 5 minutes prior to
organ flush. All livers were flushed with a total of 3 L
of cold University of Wisconsin solution (SPS-1,
Organ Recovery Systems, Itasca, IL) through both the
aorta and portal vein. After being flushed, liver grafts
were stored on ice (48C) for 2 hours followed by 4
hours of ex vivo liver perfusion. At the end of the pres-
ervation time (6 hours), orthotopic pig LT was per-
formed using an active portojugular shunt (Rotaflow
centrifugal pump, Maquet, Hirlingen, Germany) as
previously described.(11) In group 3, liver procurement
was performed as described previously. These grafts
underwent a period of SCS of 6 hours without expo-
sure to ex vivo machine perfusion. After SCS, livers
were transplanted to recipient pigs using the same
technique described above.

The animals were followed up for 3 days after LT.
If any animal met suffering criteria (lethargy, failure to
move coordinately, metabolic or respiratory decompen-
sation, excessive bleeding) before the intended survival,
pigs were sacrificed in accordance to our animal use
protocol to avoid animal suffering. At autopsy, the
patency of all anastomoses was confirmed. Pigs were
exsanguinated under deep isoflurane anesthesia after
central liver and bile duct (each right and left bile duct)
specimens were obtained.

LIVER AND EC INJURY
EVALUATION

During perfusion, serum aspartate aminotransferase
(AST) levels were measured hourly for 3 hours. After
reperfusion, AST was measured every hour for 6
hours and daily thereafter. Total serum bilirubin and
alkaline phosphatase (ALP) were also measured after
transplantation on a daily basis as markers of bile duct
damage. A hyaluronic acid (HA) enzyme–linked
immunosorbent assay (ELISA) was used to assess the
EC function during machine perfusion and at 3 hours
and 5 hours after transplantation (quantitative sand-
wich enzyme immunoassay technique, R&D Systems,
Minneapolis, MN).(20,21) During the follow-up,
international normalized ratio (INR) was measured
daily as a liver function marker.
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TNF-a AND b GALACTOSIDASE
ANALYSIS DURING PERFUSION
AND AFTER TRANSPLANTATION

TNF-a is an acute phase reaction cytokine involved in
the immune response to diverse forms of inflammation. b
galactosidase is a glycohydrolase that predominates within
lysosomes and is released during Kupffer cell activation
and death. In the liver, both are key mediators of ischemia
and reperfusion injury. TNF-a and b galactosidase release
was measured during ex vivo machine perfusion and after
transplantation in both groups and compared between
one another to evaluate the inflammatory response in
each group. TNF-a and b galactosidase levels were
assessed at 3 and 5 hours after reperfusion.

CYTOKINE PROFILING: IL6 AND
IL10

Proinflammatory and anti-inflammatory cytokines play
important roles in hepatic ischemia/reperfusion injury
(IRI). IL6 promotes injury by altering the expression
of other cytokines and influencing neutrophil recruit-
ment. In contrast, IL10 is a potent anti-inflammatory
cytokine that protects against IRI. Cytokine levels
were determined by ELISA in group 1 (338C) and
group 2 (378C) both during ex vivo machine perfusion
and after reperfusion in recipient pigs.

HISTOLOGICAL EVALUATION

At 2 hours after reperfusion, core liver biopsies were
performed and stained with cleaved caspase 3 antibody
immunohistochemistry (Cell Signaling Technology,
Danvers, MA) as a marker of apoptosis.(22) Histologi-
cal slides were evaluated at 203 objective magnifica-
tion. Staining positive cells were counted and averaged
for 10 random high-power fields (HPFs).

Sinusoidal EC integrity was assessed by CD31
immunohistochemistry (PECAM, Santa Cruz Bio-
technology, Dallas, TX) from core biopsies obtained 2
hours after reperfusion.(23) Integrity of the sinusoidal
cell lining was evaluated and scored by a blinded inves-
tigator. Also, at the end of survival, liver parenchyma
and bile duct specimens were obtained to assess necro-
sis by hematoxylin-eosin (H & E) staining. All histo-
logical specimens were stored in 10% formalin for 24
hours and then transferred to 70% ethanol until paraf-
fin embedding. Sections of 5-lm thickness were cut
and processed according to protocols of the Pathology

Research Program, University Health Network,
Toronto, Ontario, Canada.

STATISTICAL ANALYSIS

The data were analyzed with the SPSS 22 statistical
package (IBM, Chicago, IL). Mann-Whitney U test
was used for the comparison of continuous variables,
whereas a chi-square test was applied for categorical
outcome. The 1-way analysis of variance was used for
the comparison of variables between 3 groups. The
results are presented as mean 6 standard deviation and
were considered significant at the level of P " 0.05.

Results
HEPATOCYTE INJURY AND EC
FUNCTION DURING
NORMOTHERMIC EX VIVO LIVER
PERFUSION

During ex vivo liver perfusion, AST levels in group 1
(338C) remained at close to normal levels comparable
to sham-operated pigs. In contrast, AST levels in
group 2 (378C) showed a progressive increase during
ex vivo perfusion. AST levels at 1 hour (P 5 0.01), 2
hours (P 5 0.008), and 3 hours (P 5 0.009) were sig-
nificantly lower in group 1 (338C) versus group 2
(378C; Fig. 1).

We also assessed EC function by measuring HA
clearance. HA is removed by ECs from the circulation
and therefore increased HA levels correspond to

# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #

FIG. 1. AST values during ex vivo machine perfusion.
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decreased EC function. HA levels during perfusion were
lower in group 1 (338C) during the first and third hour
of perfusion compared with group 2 (378C; hour 1, 7.4
6 3.1 versus 7.7 6 5.3 ng/mL; P 5 0.91; hour 3, 5.4 6
0.8 versus 9.8 6 4.9 ng/mL; P 5 0.08, respectively;
Fig. 2).

INFLAMMATORY SIGNALING
DURING PERFUSION AND AFTER
TRANSPLANTATION AS A
MARKER OF INFLAMMATORY
RESPONSE

TNF-a release as a marker of inflammatory response
and b galactosidase as a specific marker of Kupffer cell
activation were analyzed during ex vivo machine perfu-
sion and after transplantation. After 3 hours of perfu-
sion, TNF-a levels were significantly lower in group 1
versus group 2 (102.8 6 101.3 versus 394.1 6 154.5
pg/mL; P 5 0.01). Similarly, 3 hours (186 6 67 versus
349 6 155 pg/mL; P 5 0.06) and 5 hours (148 6 94
versus 181 6 49 pg/mL; P 5 0.49) after transplanta-
tion, TNF-a levels were lower in group 1 (338C) versus
group 2 (378C) without reaching statistical significance
(Fig. 3). b galactosidase levels were lower in group 1
(338C) at 1 (100.3 6 35 versus 122.9 6 59 U/mL; P
5 0.54) and 3 hours (93.5 6 54.6 versus 170.2 6 49.5
U/mL; P 5 0.08) of perfusion compared with group 2
(378C). On the postoperative period, levels were higher

in group 1 (338C) compared with group 2 (378C; hour
3, 166.4 6 17 versus 127.2 6 9.6 U/mL; P 5 0.004;
hour 5, 178.4 6 8.4 versus 126.4 6 7.8 U/mL; P <
0.001, respectively; Fig. 3).

Proinflammatory IL6 expression was measured dur-
ing perfusion and after transplantation in the recipient.
IL6 levels were significantly lower in group 1 (338C) at
the third hour of perfusion compared with group 2
(378C; 73.8 6 34.6 versus 1124.5 6 355.4 pg/mL;
P 5 0.01, respectively; Fig. 4). Posttransplant levels of
IL6 were lower in group 1 (338C) versus group 2
(378C) during the third and fifth hour after reperfusion
(third hour, 1156.3 6 269.8 versus 3582 6 1604.7 pg/
mL; P 5 0.02; fifth hour, 925 6 851 versus 1425.7 6
994 pg/mL; P 5 0.43) respectively (Fig. 4).

Although not significant, anti-inflammatory IL10
expression was higher during the first hour of perfusion in
group 1 (338C) versus group 2 (378C; Fig. 4). Postreper-
fusion expression of IL10 was higher in group 1 (338C)
both during the third and fifth hour (third hour, 18.8 6
1.48 versus 14.5 6 2.7 pg/mL; P 5 0.07: fifth hour, 16
6 5 versus 11.6 6 1.5 pg/mL; P 5 0.22; Fig. 4).

HEPATOCYTE AND EC INJURY
AND FUNCTION AFTER
TRANSPLANTATION

AST levels were assessed from the early postreperfu-
sion period until the day of euthanasia. Group 1
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FIG. 2. HA concentration during
machine perfusion.
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(338C) had a trend toward lower AST peak levels once
compared with group 2 (378C) and group 3 (SCS)
without reaching statistical significance (group 1 versus
group 2 versus group 3, 1400 6 653 versus 2097 6
1071 versus 1747 6 841.6 U/L, respectively; P 5 0.5;
Fig. 5). Liver necrosis was determined at the end of
the survival period by H & E staining. Minimal necro-
sis (<5%) was present in all groups without evidence
of significant ischemia injury.

Liver tissue was stained for cleaved caspase 3 at 2
hours after reperfusion as a marker of apoptosis.
Cleaved caspase 3 staining was significantly lower in
group 1 (338C) and group 2 (378C) when compared
with group 3 (SCS; 21 6 6 versus 36.2 6 15 versus
89.2 6 19.1 positive cells/HPF; P < 0.001), respec-
tively (Fig. 6). The positively stained cells were pre-
dominantly sinusoidal ECs and not hepatocytes.

As previously described,(23) EC viability was
assessed by CD31 immunohistochemistry. All slides
were scored for integrity of the sinusoidal EC lining
and evaluated by a blinded pathologist (Table 1). All

liver grafts in group 1 (338C) had an intact sinusoidal
EC lining and minimal EC injury. In contrast, group
2 (378C) grafts showed disruption of the EC lining (P
5 0.01). Grafts subjected to SCS without machine
perfusion had a severe disruption of the EC lining and
architecture compared with perfused grafts (Fig. 7;
Table 2).

Posttransplant EC function was assessed by measur-
ing HA clearance. Three and 5 hours after reperfusion,
HA levels were lower in group 1 (338C) versus group 2
(378C) recipients without reaching significance (third
hour after reperfusion, 224 6 4.2 versus 267.8 6 29.5
ng/mL; P 5 0.15; fifth hour after reperfusion, 222.6
6 16.1 versus 304.8 6 57 ng/mL; P 5 0.14,
respectively).

Animal survival was considered permanent 3 days
after pig LT. There was no statistical difference
between all groups regarding survival. One pig in each
perfused group died during the follow-up. In both
cases, pigs were killed on day 2. In group 1 (338C), the
pig was killed because of ventilatory and renal failure
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FIG. 3. TNF-a and b galactosidase concentration during machine perfusion and after pig LT. (A) TNF-a levels during machine per-
fusion. (B) TNF-a levels after pig LT. (C) b galactosidase levels during machine perfusion. (C) b galactosidase levels after pig LT.
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due to an abdominal compartment syndrome that
occurred following a severe bowel distention. One ani-
mal in group 2 (378C) was killed on day 2 due to a
severe rectal prolapse that caused severe pain and
bleeding. All pigs included in group 3 (SCS) survived
until the third postoperative day (Fig. 8).

INR levels were higher in group 2 (378C) compared
with group 1 (338C) and group 3 (SCS) until the third
postoperative day, as a marker of graft function. No
statistical significant differences were seen in this
regard (Fig. 9).

BILE DUCT INJURY AND
FUNCTION

Bile duct injury and function was assessed by serum
ALP and total bilirubin levels. Recipient pigs from
group 1 (338C) had lower ALP levels from postopera-
tive day 1 until the end of follow-up without reaching
statistical significance (Fig. 10). Regarding total biliru-
bin levels, group 1 (338C) had significantly lower levels

compared with group 2 (378C) at days 1 (3.6 6 1.5
versus 6.60 6 1.5 lmol/L; P 5 0.02) and 3 (2 6 1.1
versus 9.7 6 7.6 lmol/L; P 5 0.01; Fig. 11).
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FIG. 4. Expression of IL6 and IL10 during machine perfusion and after pig LT. (A) Expression of IL6 during machine perfusion.
(B) Expression of IL6 after pig LT. (C) Expression of IL10 during machine perfusion. (D) Expression of IL10 after pig LT.
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FIG. 5. AST values after pig LT. Group 1 (338C) versus group
2 (378C) versus group 3 (SCS).
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Discussion
In this study, we evaluated the addition of anti-
inflammatory strategies to the ex vivo liver perfusion sys-
tem. We demonstrated that providing anti-inflammatory

signaling during ex vivo liver perfusion further improves
the outcome after transplantation.

In the past, we(2,24,25) and others(1,26,27) have demon-
strated that warm perfusion (subnormothermic or nor-
mothermic) on its own improves liver grafts during the
preservation period. In 2014, we demonstrated in a
donation after circulatory death (DCD) pig LT model
that warm perfusion improves the preservation of ECs
and reduces bile duct injury.(2) Likewise, others have
shown that normothermic perfusion provides a superior
preservation of DCD liver grafts improving survival
after transplantation.(1,26) It has been demonstrated that
normothermic ex vivo liver perfusion (NEVLP) is a safe
procedure, and normothermic machine preservation of
liver grafts is currently being applied in clinical studies
in both Europe and Canada.(3,4,25)

In the current study, we added several anti-
inflammatory agents to the perfusion system and a
reduction of temperature with the objective to further
reduce injury during the preservation period. Different
agents were added to act at different levels. Prostaglan-
din E1, a prostacyclin analogue with vasodilator,
antiplatelet, fibrinolytic, and several other anti-
inflammatory properties were continuously adminis-
tered to our perfusion system.(28) In 2007, Hafez
et al.(29) proved in a canine model of ischemia and

TABLE 1. EC Lining Integrity Score
CD31 Score Pattern

0 No staining
1 Scattered staining without obvious architecture
2 Reduced staining throughout lobule

but intact architecture
3 Reduced staining in zone 3 only
4 Physiological cell lining

TABLE 2. CD31 Scores 2 Hours After Reperfusion and
Percentages of Recipient Pigs of Group 1 (338C) Versus

Group 2 (378C) Versus Group 3 (SCS)
CD31 Score 0 1 2 3 4

Group 1 0% 0% 0% 50% 50%
Group 2 0% 0% 40% 40% 20%
Group 3 0% 75% 25% 0% 0%
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FIG. 7. CD31 staining 2 hours after reperfusion in group 1 (338C) versus group 2 (378C) versus group 3 (SCS). 103 objective
magnification.
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FIG. 6. Cleaved caspase 3 staining in biopsies 2 hours after pig
LT. Group 1 (338C) versus group 2 (378C) versus group 3 (SCS;
P 5 0.001).
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reperfusion that the administration of prostaglandin
E1 through the portal vein provides a significant
reduction in IRI. The authors found a significant
reduction in the levels of transaminases and TNF-a.
In addition, they demonstrated a down-regulation of
the adhesion molecules: intercellular cell adhesion mol-
ecule 1, platelet-endothelial cell adhesion molecule
(PECAM-1), P-selectin, and E-selectin. Others have
shown that prostaglandin E1 reduces hepatocyte injury
by increasing the production of the heat shock protein
70 (HSP70), which protects cells against various forms
of stress.(30) In addition, in our study we also provided
acetylcysteine to the perfusate due to its free radicals
scavenging properties.(14) In this manner, liver cells

would be protected from reactive oxygen species pro-
duced during ischemia and reperfusion. Moreover, our
perfusion system was treated with active gaseous com-
ponents that induce an anti-inflammatory effect on the
liver parenchyma. On one hand, sevoflurane was
administered due to its protective properties on EC. It
is well described that IRI does not only affect the liver
parenchyma but also directly targets the vascular endo-
thelium.(2) The endothelial glycocalyx, a protective lay-
er on the luminal endothelial surface, provides an
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FIG. 8. Recipient survival after LT.
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FIG. 9. INR levels after pig LT. Group 1 (338C) versus group
2 (378C) versus group 3 (SCS).
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FIG. 10. ALP values after pig LT. Group 1 (338C) versus group
2 (378C) versus group 3 (SCS).
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FIG. 11. Total bilirubin levels after pig LT. Group 1 (338C)
versus group 2 (378C) versus group 3 (SCS). Group 1 (338C)
had significantly lower levels of total bilirubin at day 1 (P 5
0.02) and day 3 (P 5 0.01) compared with group 2 (378C).
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important barrier function that induces an anticoagu-
lant environment and regulates leukocyte-endothelial
interaction.(31) Sevoflurane has been demonstrated to
protect and better preserve the endothelial glycocalyx
in ischemia/reperfusion models.(19) Furthermore, in
our study group (group 1), CO was added to the perfu-
sion solution with the objective to improve vasodilata-
tion and reduce inflammation. In 2008, Tomiyama
et al.(16) reported a study in which they proved that
administration of CO before and after rat LT provides
a reduction of IRI by inducing a down-regulation of
graft Kupffer cells. Moreover, Lee et al.(17) showed
also in a rat LT model, that CO increases the expres-
sion of HSP70 in liver grafts, especially in Kupffer
cells, resulting in a reduction of IRI. Subnormothermic
temperatures have been found to have strong anti-
inflammatory properties similar to the additives
described above. In rodent and porcine models, it has
been demonstrated that temperatures of 338C-348C
reduce Kupffer cell activation and suppress release of
IL1, IL6, and TNF-a.(5-8) In preliminary studies, we
found that the combination of different strategies is
most effective to block the activation of proinflamma-
tory pathways during ex vivo perfusion.

Therefore, the strategy of our perfusion setup was to
combine the benefits of perfusing livers at close to nor-
mal temperatures of 338C with the benefits of adding
several anti-inflammatory strategies. By doing this, we
were able to provide an active metabolic scenario
wherein livers could be treated with different agents
during the preservation period. We believe that perfus-
ing livers at subnormothermic temperatures instead of
normothermic provides enough active metabolism so
as to apply these protective strategies. Temperatures of
378C (normothermic conditions) might not be neces-
sary to reach adequate metabolic requirements to
improve organ preservation.

This is the first study in which liver grafts are
treated with anti-inflammatory approaches during ex
vivo liver perfusion. However, this study has several
limitations. First, no detailed mechanisms of the
molecular effects of these anti-inflammatory agents
were explored. Second, no DCD model was used in
this model, and therefore, severe injury was not
inflicted to the liver grafts to analyze the degree of
recovery these agents might achieve. On the other
hand, we believe that using a model of HBD organs
instead of DCD grafts provides a more homogeneous
study group. While performing the analysis of the
effects of this novel approach, confounding factors
derived from varying degrees of injury (DCD model)

are avoided. In addition, following LT with HBD
grafts, animals recover quickly with minimal secondary
organ injury. This allows a more detailed evaluation of
liver function over several days.

Our study does not allow us to conclude which of
the different anti-inflammatory strategies contributed
to the beneficial effects on organ injury and function
after transplantation. All mediators had protective
effects in rodent models, but a detailed analysis in a pig
model would be difficult to achieve, as well as costly.
Similarly, most cold preservation solutions contain
multiple mediators and the role of each is often based
on theoretical considerations rather than data. The
future of warm ex vivo liver perfusion will require us to
identify the optimal perfusion conditions that allow us
to block multiple reperfusion injury pathways prior to
the activation of the reperfusion injury cascade. It is
likely that the reperfusion injury cascade is redundant
and that multiple mediators and pathways have to be
addressed to have a significant impact on preservation
injury and graft function.

In summary, our study demonstrates that warm ex
vivo liver perfusion can be further improved by refining
perfusate mediators and perfusion temperature. The
protective effects of avoiding cold ischemia injury can
be further improved if we capitalize on the new option
to modify proinflammatory signaling and block multi-
ple pathways prior to the initiation of the reperfusion
injury cascade.
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Comparison of BQ123, Epoprostenol, and
Verapamil as Vasodilators During
Normothermic Ex Vivo Liver Machine Perfusion
Juan Echeverri, MD,1,2 Nicolas Goldaracena, MD,1 Johan Moritz Kaths, MD,1 Ivan Linares, MD,1

Roizar Roizales, MD,1 Dagmar Kollmann, MD,1 Matyas Hamar, MD,1 Peter Urbanellis, MD,1 Sujani Ganesh, MD,1

Oyedele A. Adeyi, MD,3 Mahmood Tazari, PhD,1 Markus Selzner, MD,1 and Nazia Selzner, MD1

Background.The optimal vasodilator to avoid hepatic artery vasospasmduring normothermic ex vivo liver perfusion (NEVLP) is
yet to be determined. We compared safety and efficacy of BQ123 (endothelin1 antagonist), epoprostenol (prostacyclin analogue),
and verapamil (calcium channel antagonist).Methods. Livers from porcine heart beating donors were perfused for 3 hours and
transplanted into recipient pigs. Four groupswere compared: group 1, livers perfusedwith a dose of 1.25mg of BQ123 at baseline
and at 2 hours of perfusion; group 2, epoprostenol at a continuous infusion of 4mg/h; group 3, verapamil 2.5mg at baseline and at
2 hours of perfusion; group 4, no vasodilator used during ex vivo perfusion. Liver injury and function were assessed during perfu-
sion, and daily posttransplantation until postoperative day (POD) 3. All groups were compared with a cold storage group for post-
operative graft function.Results.Hepatic artery flow during NEVLP was significantly higher in BQ123 compared with verapamil,
epoprostenol, and no vasodilator-treated livers. Aspartate aminotransferase levels were significantly lower with BQ123 and verap-
amil compared with epoprostenol and control group during perfusion. Peak aspartate aminotransferase levels were lower in pigs
receiving BQ123 and verapamil perfused grafts compared with epoprostenol and control group. International Normalized Ratio,
alkaline phosphatase, and total bilirubin levels were lower in the BQ123 and verapamil groups compared to epoprostenol group.
Cold storage group had increasedmarkers of ischemia reperfusion injury and slower graft function recovery compared tomachine
perfused grafts. Conclusion. The use of BQ123, epoprostenol, and verapamil during NEVLP is safe. Livers perfused with
BQ123 and verapamil have higher hepatic artery flow and reduced hepatocyte injury during perfusion compared with
epoprostenol. Hepatic artery flow is significantly reduced in the absence of vasodilators during NEVLP.
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Ex vivo liver perfusion has become an alternative strategy
to cold static storage for the preservation of liver

grafts.1-5 The possibility of graft assessment and repair dur-
ing normothermic ex vivo liver perfusion (NEVLP) has the
potential to increase the pool of marginal livers that are cur-
rently declined for transplantation, thus increasing the
number of donor grafts available.6,7 In the past decade, re-
search has mainly focused on the feasibility of preserving
standard criteria and marginal grafts at normothermic
and subnormothermic environments.

One of the main challenges encountered during NELVP is
maintaining grafts with an active metabolism and within
physiological parameters. This is mandatory for an optimal
graft assessment and repair before transplantation. One key
component is the use of vasodilators during perfusion to re-
verse hepatic artery vasospasm caused by static cold storage
and manipulation. These agents are known to attenuate is-
chemia reperfusion injury in the graft.8-11 Human clinical tri-
als using normothermic ex vivo machine perfusion before
transplantation are currently underway across Europe and
North America. The optimal vasodilator used during perfu-
sion is yet to be defined.12,13

We compared the safety and efficacy of 3 different types
of vasodilator agents, BQ123 (endothelin 1 antagonist),
epoprostenol (prostacyclin, prostaglandin I2), and verapamil
(nondihydropyridine calcium channel antagonist) during
NELVP in a porcine transplant model. A control group with
no vasodilator during NEVLP was used to evaluate the ben-
efit of all 3 vasodilators. All 4 machine perfusion groupswere
compared with cold storage control group regarding postop-
erative graft function.

MATERIALS AND METHODS

Study Design
Three different vasodilators, BQ123 (endothelin 1 antago-

nist), epoprostenol (prostacyclin, prostaglandin I2), and ve-
rapamil (nondihydropyridine calcium channel antagonist)
were used to perfuse livers retrieved from heart-beating do-
nors (HBD). A fourth group with no vasodilator during
NEVLPwas used as a control group. Finally, all machine per-
fused grafts were comparedwith a cold storage control group
(n = 5). In all 4 machine perfused groups (n = 5 in each
group), livers were stored on ice (4°C) for a period of 2 hours
after retrieval, while proceeding to back table dissection, in-
sertion of cannulas and spinning of blood used for perfusion.
After 2 hours of cold storage, grafts were perfused for 3 hours
with normothermic (37°C) ex vivo liver perfusion machine
and were transplanted into recipient pigs as previously de-
scribed.3,14 Ex vivo perfusion setups for all 3 groups were
based on our protocol currently used in human clinical

trials.12 Perfusate setup only differed in the type of vasodila-
tor used: BQ123, epoprostenol, verapamil, and control
group with no vasodilator. In the cold storage control group,
livers were stored on ice for 5 hours and then transplanted
into recipient pigs. After transplantation, all pigs were followed
for 3 days until surgical euthanasia.

Animals
Thirty to 35 kg male Yorkshire pigs were used for this

study. All animals received humane care in compliance with
the “Principles of Laboratory Animal Care” formulated by
the National Society for Medical Research and the “Guide
for the Care of Laboratory Animals” published by the Na-
tional Institutes of Health. All studies were approved by the
Animal Care Committee of the Toronto General Hospital.

Normothermic Ex Vivo Perfusion
NELVP was performed for 3 hours before transplantation

using the same set up for all 4 groups. Briefly, our perfusion
device is propelled by a centrifugal pump set to reach pres-
sures and flows near physiologic levels through the portal
vein and hepatic artery. Our NEVLP setup is pressure con-
trolled. Perfusion through the hepatic artery was set to
achieve pressures around 60 mm Hg and flows up to
400 mL/h. Portal vein pressure was set to 2 to 4 mm Hg cor-
responding to a flow of 900 to 1200 mL/h. Perfusate was
composed of 1.5 L of Steen Solution (XVIVO Perfusion,
Goteborg, Sweden) mixed with washed pig erythrocytes to
acquire an hematocrit of 15%.As part of our protocol, eryth-
rocytes were passed through leukocyte filters and washed
with sterile saline to avoid contamination with leukocytes
or plasma before added to the perfusate. Steen solution is a
buffered extracellular-type solution, which is dextran and al-
bumin based. This stabilizes the perfusate with an adequate
colloid osmotic pressure, mimicking a near to physiologic en-
vironment. To prevent clothing and thrombus formation, the
perfusate contained heparin (10 000 iU, Sandoz Canada,
Quebec, QC, Canada). Nutrition and metabolic homeostasis
was maintained by administering amino acid concentrate
(travasol, 4.25%; 50 mL; bolus plus, 8 mL/h; Baxter, Hamil-
ton, ON, Canada), D50W (2-5 mL/h; Baxter, Mississauga,
ON, Canada), and Insulin (125 iU/h, NovoRapid, Novo
Nordisk, Mississauga, ON, Canada). Prophylactic antibi-
otics Cefazolin (1 g; Pharmaceutical Partners of Canada,
Richmond Hill, ON, Canada) and Metronidazole (500 mg;
Baxter), against bacterial contamination was administered
during the priming of the circuit. Also, a continuous infusion

TABLE 1.

ECs integrity score

CD 31 score Pattern

0 No staining
1 Scattered staining without obvious architecture
2 Reduced staining throughout lobule but intact architecture
3 Reduced staining in zone 3 only
4 Physiological cell lining

FIGURE 1. Hepatic artery flow during ex vivo machine perfusion
using BQ123 vs epoprostenol vs verapamil vs no vasodilator.

602 Transplantation ■ April 2018 ■ Volume 102 ■ Number 4 www.transplantjournal.com

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

http://www.transplantjournal.com


of Prostaglandin E1 (500 μg/3 hours; Pfizer, Kirkland, QC,
Canada) was administrated for its anti-inflammatory proper-
ties. Other components added to the perfusate were 20 mmol
of sodium bicarbonate, 9.2 mmol/L of calcium chloride, and
2% taurocholic acid (Sigma-Aldrich, St Louis, MO) infused
at 7 mL/h as a precursor for bile production. Gases were ad-
ministered to the perfusate through a gas exchanger mem-
brane with a composition of 95% O2 and 5% CO2.

The type of vasodilator agents utilized during NELVP was
the only difference between the study groups. Livers perfused
with BQ123 (AG Scientific, Kelowna, BC, Canada) received
an initial bolus of 1.25 mg at baseline, and a second injection
at 2 hours of perfusion to achieve a hepatic artery flow
around 400 mL/h. In the epoprostenol group (Flolan;
GlaxoSmithKline Inc, Mississauga, ON, Canada) livers were
perfused at a continuous infusion of 4 mL/h (8 μg/h) as used
in human clinical trials.12,13 Verapamil (nondihydropyridine
calcium channel antagonist, Sandoz Canada Inc, QC,
Canada) group received 2.5 mg of verapamil at baseline
and at the second hour of perfusion. Finally, a control group
of machine perfusion without the use of vasodilator was used
for comparison. Ex vivo perfusion set up only differed on the
lack of vasodilator when compared to the other groups.

Pig Liver Transplantation
All recipients were transplanted with a graft retrieved un-

der heart beating conditions (HBD). Donor pigs received
30000 IU of heparin 5 minutes before cross clamping. All
livers were flushed through the aorta and portal vein with a

total volume of 3 L of University of Wisconsin solution
(SPS-1, Organ Recovery Systems, Itasca, IL, USA). Perfused
grafts were cold stored at 4°C, while proceeding to back table
preparation completing a total of 2 hours of cold static stor-
age time. Livers were then perfused at 37°C for 3 hours and
transplanted into their respective recipient pigs using a
venovenous portojugular bypass shunt technique (Rotaflow
centrifugal pump; Maquet, Harlingen, Germany) as de-
scribed previously.14 Liver core biopsies were taken before
abdominal wall closure at 2 hours postreperfusion.

Recipient signs of distress or suffering were assessed dur-
ing the 3-day survival period posttransplantation according
to our institution animal use protocol. If signs of suffering
were noted (lethargy, excessive bleeding, uncoordinated
movements and/or severe acid base disturbances), animals
were euthanized under deep anesthesia. At the time of eutha-
nasia, the well being of the graft and patency of vascular
anastomoses was assessed. Once the specimen was exsangui-
nated, we proceeded to perform a total hepatectomy. For do-
ing so, we first dissected all vascular anastomoses (upper
vena cava, lower vena cava, portal vein and hepatic artery)
dividing the vessel from distal to proximal. The occurrence
of thrombus formation, intimal dissection, and marginal
flow was assessed thoroughly. Pigs were euthanized under
deep isoflurane anesthesia. Samples for pathology analysis
from the liver parenchyma and bile duct were taken and
stored on 10% formalin.

FIGURE 5. AST values during ex vivo machine perfusion using
BQ123 vs epoprostenol vs verapamil vs no vasodilator.

FIGURE 4. Portal vein pressures during ex vivo machine perfusion
using BQ123 vs epoprostenol vs verapamil vs no vasodilator.

FIGURE 3. Hepatic artery pressures during ex vivo machine perfu-
sion using BQ123 vs epoprostenol vs verapamil vs no vasodilator.

FIGURE 2. Portal vein flows during ex vivo machine perfusion using
BQ123 vs epoprostenol vs verapamil vs no vasodilator.
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Assessment of Liver Injury
Levels of aspartate aminotransferase (AST)weremeasured

hourly during ex vivo machine perfusion. Similarly, serum
AST levels were measured 3 and 5 hours after reperfusion
in the recipient pig and then on a daily basis until euthanasia.
Total serum bilirubin and alkaline phosphatase were mea-
sured daily as a marker of bile duct injury. International Nor-
malized Ratio (INR) was measured on a daily basis to assess
liver function.

TNF and Galactosidase Analysis During Perfusion
Tumor Necrosis Factor-α and β Galactosidase release

was measured during ex-vivo machine perfusion in all
groups to evaluate the inflammatory response mediated by
each vasodilator. Both TNF-α and β Galactosidase are im-
portant acute phase cytokines involved in the inflammatory
response. Their levels are directly proportional to inflamma-
tion and are mediators of ischemia reperfusion injury in
the graft. β Galactosidase is a glycohydrolase that predo-
minates within lysosomes acting as a specific marker of
Kupffer cell activation.

Cytokine Analysis During Perfusion
Interleukin 6 and IL-10 are pro and anti-inflammatoryme-

diators, respectively. They both mediate cytokine expression
and amplification of the inflammatory response. Levels of
IL-6 and IL-10 were determined by enzyme-linked immuno-
sorbent assay analysis during perfusion.

Histological Evaluation
All biopsies taken at 2 hours postreperfusion and at the

time of euthanasia were stored in 10% formalin for 24 hours
and then transferred to 70% ethanol. After paraffin embed-
ding, sections of 5 μm were cut and processed.

Postreperfusion biopsies were assessed for apoptosis by
cleaved caspase-3 and Tunel antibody immunohistochemis-
try staining (Cell Signaling Technology, Danvers, MA).15

Slides were evaluated at 20! objectivemagnification. Stained
positive cells were counted and averaged for 10 random high
power fields.

Liver parenchyma and bile duct necrosis was assessed by
hematoxylin-eosin (H&E) staining. Two hours postreper-
fusion biopsies were assessed for sinusoidal endothelial cell
(EC) integrity by CD31 immunohistochemistry (PECAM;
Santa Cruz Biotechnology, Dallas, TX).16 Slides were evalu-
ated and graded by a blinded pathologist according to a scor-
ing system for assessment of EC lining integrity (Table 1).

Statistical Analysis
Data was analyzed with the SAS 9.4 (SAS Institute Inc,

Cary, NC) package. For hemodynamic parameters on ex vivo
liver perfusion and follow-up parameters posttransplant, the
data were measured equally spaced over different time points
for all groups. The statistical methodology was based on

FIGURE 9. INR levels in the posttransplant period in recipients of
grafts perfused using BQ123 vs epoprostenol vs verapamil vs no va-
sodilator vs cold storage.

FIGURE 8. Alkaline phosphatase levels in the posttransplant period
in recipients of grafts perfused using BQ123 vs epoprostenol vs ve-
rapamil vs no vasodilator vs cold storage.

FIGURE 7. Total bilirubin levels in the posttransplant period in recip-
ients of grafts perfused using BQ123 vs epoprostenol vs verapamil vs
no vasodilator vs cold storage.

FIGURE 6. Posttransplant and postoperative AST levels using
bq123 vs epoprostenol vs verapamil vs no vasodilator vs cold storage.
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generalized linear mixed models with correlation variability,
which arises from repeated observation over time period in
each subject. The covariance matrix structure was tested with
different structure and the fitted one to the statistical model
was Unstructured Correlations (UNR). Due to differences
among treatments we computed Least Squares Means and de-
termined simulation method for adjusting the P value with cor-
related association test. The data is presented as mean ± SD and
was considered significant at the level of P value of 0.05 or less.

RESULTS

Hemodynamic Parameters During Normothermic Ex
VivoMachine Perfusion in Grafts PerfusedWith BQ123,
Epoprostenol, Verapamil or Without Vasodilator

Hepatic artery (HA) flow was higher during the perfusion in
BQ123 and verapamil groups comparedwith epoprostenol and
control (without vasodilator). At baseline, HA flow was signif-
icantly different between all 4 groups (600±92 mL/h vs 490
±75 mL/h vs 471±77 mL/h vs 242±126 mL/h; respectively
P = 0.01). At the second hour of perfusion, BQ123 presented
higher HA flow compared to verapamil, epoprostenol and con-
trol group (626±91 mL/h vs 492±29 mL/h vs 471±77 mL/h vs
266±76 mL/h; P = 0.005) (Figure 1). Similar differences were
noted at 3 hours of perfusion (600 ±113 mL/h vs 517
±86 mL/h vs 454 ±68 mL/h vs 264 ±45 mL/h; P = 0.005,
respectively). Hepatic artery flow was statistically higher when
comparing all vasodilator groups to the no vasodilator
group at hour 1, hour 2, and hour 3 of perfusion (Figure 1).
No difference was observed in portal vein (PV) flow between
all 4 groups (Figure 2). Similarly, no significant differences in
HA and PV pressure was seen throughout the perfusion in
all groups (Figures 3 and 4).

Ischemia Reperfusion Injury During NEVLP and After
Transplantation in Grafts Perfused With BQ123 vs
Epoprostenol vs Verapamil vs No Vasodilator vs
Cold Storage

Aspartate amino transferase (AST) levels in the perfusate
were significantly lower at hours 1, 2, and 3 of perfusionwith

BQ123 and verapamil compared to epoprostenol and no va-
sodilator control group (hour 1: 52 ± 6.2 U/L vs 54.5 ± 10
U/L vs 162 ± 86 U/L vs 82 ± 16 U/L; P = 0.01, hour 2:
43.2 ± 5.2 U/L vs 57.2 ± 10 U/L vs 191 ± 110 U/L vs
126 ± 50 U/L; P = 0.01, hour 3: 35.6 ± 4.6 U/L vs 61.2 ±13
U/L vs 218 ± 120 U/L vs 170 ± 124 U/L, P = 0.01), respec-
tively (Figure 5). Similarly postliver transplantation, serum
AST levels were significantly lower at the third hour in pigs
receiving grafts perfused with BQ123 and verapamil com-
pared to epoprostenol and control groups (107 ± 36 U/L vs
89 ± 24 U/L vs 157 ± 61 U/L vs 427 ±192 U/L, respectively;
P = 0.01). Serum AST levels remained lower in the BQ123
and verapamil groups compared to the epoprostenol and con-
trol groups throughout the postoperative period until animals
were sacrificed at day 3 after transplantation (Figure 6). Cold
storage control group had higher levels of serum AST
throughout all the postoperative period compared with the
machine perfused groups (Figure 6).

H&E staining was performed at the end of survival pe-
riod (day 3 posttransplantation). Minimal necrosis (<5%)
was encountered in all groups without evidence of severe
ischemic injury.

Bile Duct Injury and Graft Function After
Transplantation in Grafts Perfused With BQ123 vs
Epoprostenol vs Verapamil

Total bilirubin, alkaline phosphatase and INR were lower
but not statistically different in the postoperative period
in the BQ123 and verapamil groups compared to the
epoprostenol group, indicating perhaps a better recovery
of hepatocyte function (Figures 7-9). Total bilirubin levels
were significantly higher on the first POD in the no-
vasodilator control group compared to the vasodilator groups
(Figure 7). Cold storage grafts had higher levels of serum

FIGURE 11. Cleaved caspase 3 staining 2 hours posttransplant.

FIGURE 10. CD 31 staining 2 hours posttransplant in (A) grafts perfused with BQ123, (B) grafts perfused with epoprostenol, (C) grafts per-
fused with verapamil, (D) grafts with no vasodilator.

TABLE 2.

CD 31 score for BQ123, epoprostenol, verapamil, and control
group samples 2 hours postreperfusion

CD 31 score 0 1 2 3 4

BQ123 0% 0% 0% 50% 50%
Epoprostenol 0% 0% 40% 40% 20%
Verapamil 0% 33% 33% 0% 33%
No vasodilator (control) 0% 40% 40% 20% 0%
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alkaline phosphatase and INR until end of follow-up com-
pared to the machine perfused grafts (Figures 8 and 9).
H&E staining of the liver sections did not show bile
duct necrosis between the 3 vasodilators groups or the 2
control groups.

EC Injury and Histological Evaluation
EC viability was assessed 2 hours postreperfusion byCD31

immunostaining. Liver grafts perfused with BQ123 and
epoprostenol had an intact architecture in all specimens. Ve-
rapamil perfused grafts presented an intact architecture in
66% of specimens evaluated (Table 2) (Figure 10). Apoptosis
was measured by cleaved caspase 3 and Tunel staining
2 hours postreperfusion. Although not significant, a lower
number of ECs inducing apoptosis was seen 2 hours post-
reperfusion in the BQ123 and verapamil groups compared
to epoprostenol and the no-vasodilator groups (Figures 11-13).

Inflammatory Response During Perfusion
TNFα levels were significantly lower in the BQ123 group

compared with the epoprostenol and verapamil group dur-
ing the third hour of perfusion (102.8± 101 pg/mL vs
394 ± 154 pg/mL vs 429.7 ± 45 pg/mL, P = 0.01) respectively
(Figure 14). Beta galactosidase levels, as a marker of Kupffer
cell activation were lower during perfusion in the BQ123 and
verapamil group (Figure 14).

IL-6 levels during machine perfusion were lower in livers
perfusedwith BQ123 and verapamil compared to epoprostenol
(73.8 ± 34.6 pg/mL vs 156.6 ± 2 pg/mL vs 1124.4 ± 355 pg/mL,
P = 0.01) respectively (Figure 15). Although not significant,
levels of IL-10 were higher in the BQ123 and verapamil
group during the first hour of perfusion compared with
epoprostenol (Figure 15).

Animal Survival After Transplantation
No statistical differences were seen between groups re-

garding survival until the end of the study period. All
pigs survived until the day of euthanasia in the BQ123,
epoprostenol, and control groups. One pig in the verapamil
group had to be euthanized shortly after transplantation
due to a technical malfunction in the veno-venous bypass
that resulted in a severe metabolic acidosis and multiorgan
dysfunction after reperfusion and skin closure. Vessel pa-
tency assessment in all specimens did not reveal any signs
of thrombosis or intimal dissection.

DISCUSSION
We compared the safety and efficacy of 3 different vasodila-

tors; BQ123 (endothelin 1 antagonist), epoprostenol (prostacy-
clin, prostaglandin I2), and verapamil (nondihydropyridine
calcium channel antagonist) duringNEVLP and the outcome
post-pig liver transplantation. All 3 vasodilators proved to be
safe to use before transplantation. BQ123 and verapamil
seemed to achieve better results regarding HA flow and pres-
ervation injury during ex vivo perfusion, as well as a better
postoperative graft recovery once compared to epoprostenol.
A control group without the use of vasodilator during
NEVLP revealed lower hepatic artery flows throughout the
3 hours of perfusion. AST values during perfusion were
higher in the epoprostenol group compared to BQ123 and
verapamil. All 3 vasodilators were compared to a 5 hours
cold storage control group, showing higher degree of reper-
fusion injury and lower graft recovery in the grafts subjected
to cold storage.

Normothermic and Sub normothermic ex vivo perfusion
systems have been recently validated in animal models as an
alternative strategy for the preservation of standard criteria
grafts and for the assessment and recovery of extended criteria
grafts.6 Human clinical trials assessing safety and feasibility of
ex vivo liver perfusion are underway, and no consensus has
yet been established as to the use of optimal vasodilators
for organ preservation and posttransplant outcomes.12,13

Preservation solutions are rich in potassium, which in turn
promote hepatic artery vasospasm once the organ is re-
perfused.During organ recovery and before perfusion of liver
grafts, the organs are flushed with preservation solution,
which may cause hepatic artery spasm at the initial phase of
perfusion, compromising flow and adequate delivery of nu-
trients to the liver. Biliary arterial blood supply is of upmost
importance during retrieval of marginal grafts such as dona-
tion after circulatory death (DCD) livers. Unfortunately, our
study was performed in a heart beating liver transplant
model. All study and control groups showed no bile duct
necrosis at moment of euthanasia. Despite having lower

FIGURE 13. Tunel staining 2 hours posttransplant in (A) grafts perfused with BQ123, (B) grafts perfused with epoprostenol, (C) grafts perfused
with verapamil, (D) grafts with no vasodilator.

FIGURE 12. Tunel Staining 2 hours posttransplant.
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posttransplant levels of total bilirubin and alkaline phos-
phatase in the BQ123 and verapamil groups compared to
epoprostenol, we cannot conclude that these specific vaso-
dilator treatments prevent ischemic type biliary strictures.
This should be further studied and proven in a DCD pig
liver transplant model with a more specific assessment of
postoperative bile duct epithelium quality. Components,
such as bile salts, biliary epithelium oxygenation, and post-
operative arterial flow measured by Doppler assessment
until POD 3, should be included.

All 3 vasodilators assessed in this study have anti-
inflammatory properties. BQ123 is a potent Endothelin 1
(ET-1) inhibitor. Its effect decreases vascular resistance, re-
duces cholestasis, and limits the release of eicosanoids from
Kuppfer cells.17,18 Verapamil is known to be a smooth mus-
cle relaxant and cytoprotective agent. During ischemia, cy-
tosolic levels of calcium rise, activating a protease capable
of converting xanthine dehydrogenase to xanthine oxidase,
which is a main source of superoxide radicals.19 Calcium
potentiates the damaging effects of oxygen-derived free rad-
icals, causing an uncoupling of the mitochondrial electron
transport chain due to impairment of N-acetaldehyde dehy-
drogenase coenzyme. Also, calcium activates phospholipases
A1, A2, C and proteases.20-22 Verapamil acts as an anti-
inflammatory agent by inhibiting the activation of these cas-
cades. Finally, epoprostenol (prostacyclin, PGI2), is a potent
vasodilator that inhibits platelet aggregation, leukocyte

activation, chemotaxis and production of precursors of su-
peroxide species.11,23 Its safety and efficacy has been proven
in previous animal studies and is the mainstay of vasodilator
therapy in ongoing clinical trials involving NEVLP before
transplantation.13,24,25 Dosing for epoprostenol was based
on current clinical trials using the Organox/Metra device.
Drug selection and dosing for verapamil and BQ123 was
based on previous pilot studies performed at our laboratory
which have shown that bolus doses are safer and more effi-
cient than continuous infusion dosing.12,13

Interestingly, there was a decrease in proinflammatory sig-
naling during NEVLP in livers perfused with BQ123 com-
pared to verapamil and epoprostenol. This effect has been
shown in previous studies.26 TNF- α and β Galactosidase
levels were lower during perfusion. Levels of IL-6 were lower
during perfusion in BQ123 and verapamil-treated livers com-
pared to epoprostenol. Anti-inflammatory IL-10 levels were
higher in BQ123 and verapamil grafts during the first hour
of perfusion compared to epoprostenol. This effect may be
due to a decrease in depletion of cytokine stores during perfu-
sion that in the end could facilitate release of inflammatory
components after reperfusion in the recipient. Of note,
epoprostenol has known anti-platelet activity which should
be considered in current clinical trials with whole blood
and colloid solutions with no anti aggregation properties.
Epoprostenol may have beneficial effects in preventing pro-
thrombotic events.

FIGURE 15. IL-6 and IL-10 levels during ex vivo machine perfusion using BQ123 vs epoprostenol vs verapamil.

FIGURE 14. TNFα and β Galactosidase levels during ex vivo machine perfusion using BQ123 vs epoprostenol vs verapamil.
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Our study has several limitations. First, we used amodel of
HBD to assess safety of the vasodilators included in the per-
fusate. A more severe liver injury during organ retrieval
might have provided more information about the efficacy
of the vasodilators and differences on bile duct injury among
groups. Performance of the vasodilators in marginal grafts
remains unclear. HBD grafts, as used in the control group
with no vasodilator, have little preservation injury. This
may mask the risks of not using a vasodilator when compar-
ing it with the other groups.

We conclude that the use of BQ123, epoprostenol, and ve-
rapamil during ex vivo liver machine perfusion is safe. Livers
perfused with BQ123 and verapamil have higher HA flow
and reduced ECs and hepatocyte injury during ex vivo liver
perfusion and in the posttransplant period compared to
epoprostenol. Optimizing hepatic artery flow during NEVLP
could have beneficial effects of hepatocyte injury after trans-
plantation. The prevention of bile duct injury and ischemic
cholangiopathy by vasodilator treatment during NEVLP is
still to be evaluated in a DCD pig liver transplant model.
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6. Discussion 
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In recent years, normothermic and sub-normothermic ex vivo machine perfusion has 

been validated as an alternative strategy for graft preservation. Avoiding prolonged cold 

static storage reduces ischemia reperfusion injury, more so in marginal and extended 

criteria grafts which tolerate poorly cold preservation.  

 

This work addresses important aspects of this novel graft preservation technique. So far, 

most studies have focused on the validation of principles of machine perfusion in 

animal models with good outcomes compared to static cold storage. Despite recent 

advances and translating these findings to the clinical arena, there is no direct 

comparison of different perfusates, additives, vasodilators and temperatures used during 

perfusion. To date, the optimal perfusate composition and temperature have not been 

defined yet.   

 

The first phase of our work focuses on the comparison of the standard normothermic 

technique used in the first randomized controlled trial vs an anti-inflammatory sub-

normothermic setup. The study entitled “Anti-inflammatory signaling during ex vivo 

liver perfusion improves the preservation of pig liver grafts before transplantation” 

aimed to evaluate if the addition of anti-inflammatory agents plus sub-normothermic 

temperatures improved the protective effects of ex vivo liver prefusion on preservation 

injury in a porcine liver transplant model.  

 

To do so, we added anti-inflammatory agents to the perfusion system and reduced the 

temperature during machine perfusion prior to transplantation. By use of controlled 

oxygenated rewarming we were able to start perfusion at temperatures of 28º Celsius 

and gradually increase until reaching peak temperatures of 33-34º Celsius.  It has been 



 40 

demonstrated in rodent and porcine models that sub-normothermia reduces Kupffer cell 

activation and downregulates the expression of pro-inflammatory cytokines such as IL-

1, IL-6, and TNF a.  By perfusing livers at sub-normothermic temperatures we can limit 

the amplification of the inflammatory response and still maintain an active metabolism 

wherein grafts can be treated with different agents during the preservation period.  

 

Apart from modifying the perfusion temperature, different agents were added to the 

perfusate to act at different levels. Prostaglandin E1 (prostacyclin analogue) is known to 

have vasodilator, anti-platelet, and fibrinolytic properties. Previous studies in animal 

models have demonstrated that portal vein infusion of prostaglandin E1 reduces IRI by 

downregulating the expression of adhesion molecules such as platelet-endothelial cell 

adhesion molecule (PECAM), P-selectin, and E-selectin. Other studies have shown the 

increase of heat shock protein 70 (HSP70) with the use of prostaglandin E1. This 

protein is known to reduce hepatocyte injury and protect against various forms of 

oxidative stress. 

 

Our sub-normothermic study group was treated with gaseous agents known to attenuate 

IRI. Sevoflurane, an inhaled anesthetic routinely used in surgical procedures, protects 

the vascular endothelium by targeting the endothelial glycocalyx. This endothelial 

glycocalyx acts as a luminal surface that provides a protective layer by inducing 

anticoagulation and regulating leukocyte-endothelial interactions. Sevoflurane seems to 

protect and better preserve the endothelial glycocalyx. Carbon monoxide (CO) is 

another gaseous agent used in our perfusion protocol with the aim of improving 

vasodilation and reducing inflammation. Rodent animal models have demonstrated the 
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increase of HSP70 and the downregulation of Kupffer cells by the use of CO previous 

to rat liver transplant. Finally, N-acetylcystein was administered as a ROS scavenger. 

 

In this first study we demonstrated that ex vivo machine perfusion can act as a platform 

to preserve and improve grafts previous to transplantation by refining perfusate 

additives and temperature. Several limitations must be highlighted. First, our model was 

not challenged with a warm ischemia insult as in a DCD pig liver transplant protocol. 

Grafts in our study were not subjected to severe injury as to evaluate the degree of 

recovery that these anti-inflammatory agents might achieve. Secondly, we did not 

perform a detailed molecular analysis of each component. We were not able to 

accurately confirm which of all the different components contributed in a larger scale to 

attenuate IRI. Many pathways are modulated with the anti-inflammatory setup. Doing a 

study evaluating each and every component would be very cost-effective and time 

consuming using a pig liver transplant model. This limitation has led us to our second 

study, where we evaluate different vasodilators used in normothermic machine 

perfusion. Ideally, all components should be independently evaluated. We chose to 

investigate the role of vasodilation, as it is a corner stone during ex vivo machine 

perfusion and a component which is included in all normothermic and sub-

normothermic perfusion devices used nowadays.  

 

In the second phase of our project we evaluated different vasodilators with the study 

entitled “Comparison of BQ123, Epoprostenol, and Verapamil as vasodilators during 

normothermic ex vivo liver machine perfusion”. Vasodilators are used to reverse 

hepatic artery vasospasm caused by SCS and guarantee an adequate perfusion through 

the hepatic artery. These agents are known to attenuate IRI. Maintaining an active 
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metabolism during ex vivo machine perfusion is key for an optimal graft assessment 

and repair previous to transplantation.  

 

We compared the performance of BQ123, Epoprostenol, and Verapamil in a pig liver 

transplant model using DBD grafts. All 3 perfusion groups were compared to a non- 

vasodilator group in order to evaluate the benefit of vasodilation. All 4 machine 

perfusion groups were compared to a SCS control group to evaluate post-transplant 

graft function. To date no consensus has been reached as to which is the best vasodilator 

to be used during ex vivo liver perfusion.  

 

With the exception of in situ normothermic regional perfusion and “ischemia free” 

techniques as described by Fondevila et al and He et al, respectively, donor procurement 

protocols requiere a cold preservation flush before machine perfusion. Preservation 

solutions are rich in potassium, this may cause hepatic artery vasospasm in the initial 

phases of ex vivo perfusion. Vasodilators counteract arterial vasospasm achieving an 

adequate oxygen supply to the peribiliary glands. This effect may protect the graft from 

ischemic cholangiopathy, more so in extended criteria and DCD grafts.  

 

All 3 vasodilators proved to be safe and not harm DBD grafts. BQ123 and verapamil 

perfused grafts reached higher hepatic artery flows and had less IRI during perfusion 

and better post-transplant graft recovery compared to Epoprostenol. Interestingly, 

Epoprostenol was the vasodilator used in the first ever randomized controlled trial 

performed worldwide. Other vasodilators which may have a better performance are yet 

to be validated in the clinical setting. As expected, the no-vasodilator group had lower 

hepatic artery flows during perfusion. Interestingly, this did not affect significantly post-
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transplant function when compared to the vasodilator groups. Perfusion proved to 

diminish IRI and improve graft recovery when compared to SCS.  

 

Vasodilators used during perfusion have anti-inflammatory properties. BQ123 is an 

endothelin-1 antagonist that reduces cholestasis and limits the release of eicosanoids 

from Kupffer cells. Verapamil acts as a smooth muscle relaxant with calcium channel 

antagonism. Calcium is known to be a cofactor in the conversion of xanthine 

dehydrogenase to xanthine oxidase, which is a main source of ROS. Calcium also 

activates phospholipases and causes uncoupling of the mitochondrial electron transport 

chain by impairment of N-acetaldehyde dehydrogenase coenzyme. Finally, 

Epoprostenol inhibits platelet aggregation, leukocyte activation and production of 

precursors of ROS. It is important to highlight that of all 3 vasodilators, Epoprostenol 

has been validated by far as the safest component in multiple animal models. 

Normothermic and sub-normothermic perfusates always include whole blood for its 

oxygen carrying capacities.  The antiplatelet effects of Epoprostenol for the prevention 

of thrombotic events seem to favor its use in the clinical setting. 

 

Our model included DBD grafts to assess the safety of all 3 vasodilators. One of our 

aims was to validate as a proof of concept that good quality livers would not be harmed. 

This may be interpreted as a shortcoming. The use of a DCD model may have given us 

more information about the efficacy of each vasodilator and its effect on the prevention 

on bile duct ischemic injury.  Although post-transplant graft function was enhanced in 

the BQ123 and Verapamil groups when compared to Epoprostenol and no-vasodilator 

group, no mayor differences were seen upon H&E staining at time of euthanasia.  

Minimal necrosis (<5%) was seen in all groups. Heart beating donor grafts, as used in 
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all groups including the no-vasodilator control group, have little preservation injury. 

This may mask the risks of not using a vasodilator when comparing it with other 

groups.  
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7. Conclusions 
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1. Sub-normothermic ex vivo liver perfusion may be further refined by adding anti-

inflammatory agents with specific pathway signaling, thus leading to improved 

attenuation of ischemia reperfusion injury when compared with standard normothermic 

perfusion used in current clinical trials.  

 

2. The use of BQ123, Verapamil, and Epoprostenol as vasodilators during 

normothermic ex vivo liver perfusion is safe and does not harm standard criteria grafts.  

 

3. Livers perfused with BQ123 and Verapamil have higher hepatic artery flow and 

reduced endothelial cell and hepatocyte injury during ex vivo perfusion and in the post-

transplant period compared to Epoprostenol.  
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8. Personal Views and Future Perspectives 
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The constant imbalance of supply and demand of organs has motivated the academic 

community to focus on rescuing grafts that historically were deemed non-transplantable. 

Machine perfusion has revolutionized the field of transplantation in recent years. This 

technology may decrease organ shortage and serve as a platform to assess objectively, 

minimize IRI, and modify grafts previous to transplantation. Unfortunately, changes in 

paradigms take time.  We need to responsibly evaluate all the existing data and take the 

best decisions maintaining patient safety while moving the field forward.  

 

Two main currents comprise machine perfusion nowadays. On one end sub-

normothermic and normothermic perfusion strategies maintain grafts metabolically 

active and minimize cold ischemia by using blood derived products as oxygen carrying 

agents with the aim of securing physiological homeostasis. These perfusion setups are 

complex and leave a small margin for error during manipulation while on pump. Any 

problem encountered with the circuit during perfusion leads to unwanted warm 

ischemia and may lead to discard of an organ that could have been transplantable by 

using standard preservation techniques. On the other hand, hypothermic strategies 

(HMP and HOPE) used after cold storage and shortly before graft implantation do not 

rely on blood products as oxygen carriers and are comprised of simpler perfusion 

setups. This makes their use more appealing and cost-effective. However, at 

hypothermia grafts are not fully metabolically active. One of the future perspectives of 

ex vivo machine perfusion is to influence inflammatory pathways and modify grafts 

previous to transplantation by means of genetic therapy, nanoparticle delivery or 

defatting. Intuitively, organs with no active metabolism while on pump are less likely to 

be modified with this technology. As we can see, no perfusion strategy is better than the 

other. Each one has its strengths and weaknesses. The opportunity to objectively 
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evaluate and compare both methods still awaits. The implementation of a worldwide 

consortium where patients can be randomized to either strategy is an attractive 

initiative.   

 

Static cold storage achieves excellent results (>90% 1-year graft survival) for standard 

criteria grafts. Currently, it seems that perfusion techniques have a limited benefit in 

low risk grafts. The only randomized controlled trial to date compared normothermic ex 

vivo perfusion with SCS using mostly good quality grafts. Despite showing a change in 

decision making and a decrease in organ discard rate with the assessment during ex vivo 

perfusion, the study was powered to evaluate differences in AST and ALT levels. In 

clinical practice other perfusion parameters such as lactate clearance and bile production 

seem to be better predictors of graft function. Transaminase levels during perfusion are 

still non-specific and correlate badly with post-transplant outcomes, more so with the 

risk of ischemic cholangiopathy which is the Achilles heel of transplanting grafts with 

prolonged warm and cold ischemia times.  

 

Objective assessment and the measurement of reliable parameters during perfusion that 

can predict outcomes are still lacking. Not only should randomized controlled trials 

focus on comparison of different technologies, but also seek to define objective 

parameters to predict post-transplant graft function, more so with the use of extended 

criteria grafts. The academic community has taken a big step proving the concept of 

graft machine perfusion, now we await convincing data evaluating cost effectiveness 

directed towards relevant endpoints among different perfusion techniques. Future 

research in organ perfusion should also focus on graft immunomodulation, target-cell 
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therapy through nanomedicine and subsequently oncologic modulation in unison with 

the expanding of criteria for transplant oncology.  
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