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SUMMARY 

Background: Liver transplantation (LTx) is the most effective treatment for various end-stage 

liver diseases. However, there is a growing demand for donor organs. This demand is addressed 

by the increasing use of marginal organs obtained from so-called extended criteria donors, e.g., 

donors with high age, comorbidities, or after cardiac death. Marginal organs are more 

susceptible to the inevitable ischemia-reperfusion injury (IRI). Normothermic machine 

perfusion (NMP) is considered to be the most promising strategy to reduce IRI compared to 

hypothermic or other types of machine perfusion. However, little is known about (1) the optimal 

conditions of experimental NMP and (2) donor characteristics impacting the outcome of NMP 

and the underlying pathophysiological mechanism.   

IRI causes microcirculation impairment after LTx, one of the key factors initiating the 

inflammatory vicious cycle. Visualization and quantification of microcirculation impairment 

might help to better determine the severity of early IRI.   

Aim: The study aimed to establish (a) NMP and (b) LTx models using rat livers and 

characterize both models in terms of liver damage, function, and microcirculation. NMP study 

aimed to assess optimal balance between sufficient supply (flow rate) and adequate waste 

removal (medium change) as well as the impact of donor characteristics. LTx study aimed to 

study the impact of perfusion impairment on hepatic damage early after LTx. 

Methods and results: For determination of optimal NMP conditions, the impact of flow rate 

(1, 2 and 3 ml/min/gr liver) and medium changes (partial replacement of perfusate either after 

3 h or after 2 and 4h) was explored. In terms of donor properties, the influence of gender (male 

vs female), age (3-6m vs 24m), and duration of warm ischemia time (WIT, 20min vs 30min) 

were investigated. Livers were subjected to 6h of NMP using Williams E medium without 

oxygen carriers. Portal pressure (PVP) was measured continuously. Wedge hepatic vein 

pressure, hepatic perfusion, bile volume (indicator of liver function) and liver enzymes from 

perfusate samples were determined in hourly intervals. Tissue samples were taken at 2h, 4h, 

and 6h of perfusion to assess hepatic morphology based on HE staining, ischemic damage based 

on HMGB1, and metabolic function based on CYP1A2. Optimal balance between supply and 

drainage in terms of damage and function was when hyperperfusing the liver by setting the flow 

rate to 3ml/min/gr liver and exchanging half of the medium after 3h of perfusion.  

Investigation of donor conditions revealed that young male rat livers (control group) subjected 

to 30min WIT were perfused homogenously, with stable PVP and oxygenation. Livers 

produced more than 120ul/gr liver bile in 6 hours with a maximum of about 35 ul/gr liver in the 

first hours. In parallel, signs of liver damage in terms of enzyme release increased over time, as 
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confirmed by histology. Hepatic lobules showed zonated damage patterns with signs of 

pressure-related damage in the periportal zone and ischemic damage in the pericentral zone. 

Further confirmation was reached by visualizing the pericentral translocation of HMGB1 and 

the expression pattern of CYP1A2. Livers from female and donors subjected to shorter WIT 

were protected to a higher degree, as indicated by higher bile production, less enzyme release, 

and less histological damage. In contrast, aged livers were less well preserved. 

In the LTx study, livers from young male donors were observed for 1h and 24h after reperfusion. 

Liver hemodynamic (PVP, PVF (portal vein flow)), perfusion (tissue oxygenation, tissue blood 

flow), and microcirculation (perfused capillary density) were monitored in the native liver of 

the recipient before explantation as well as in the transplanted liver graft one hour after 

reperfusion. Blood samples and liver tissue samples were also obtained from the donor during 

organ procurement and from the recipient at the time of sacrifice to quantify enzyme release as 

an indicator of hepatic damage and to assess hepatic morphology, ischemic damage, and 

metabolic function.  

We observed a pronounced cardiovascular depression at 1h after reperfusion as indicated by 

lower PVP and PVF, but also in reduced tissue oxygen saturation and tissue blood flow and in 

terms of the reduced perfused capillary density. At this point, we observed severe liver damage 

in terms of liver enzymes, which recovered partially within 24 h. 

In contrast, morphological signs of damage became apparent later compared to the enzyme 

release, corresponding to the HMGB1 translocation and the reduced CYP1A2 expression. 

Impaired perfusion parameters were inversely correlated to enzyme release.   

Conclusion: NMP using oxygenated Williams E medium without additional oxygen carriers 

can preserve rat liver morphology and function for at least 6h. Best preservation is achieved 

when balancing oxygen supply and waste removal. However, donor properties such as gender 

and age, as well as even a minimal extension of WIT, have a significant beneficial respectively 

detrimental effect on organ preservation. Further work is needed to understand the underlying 

pathophysiological mechanism between donor characteristics, NMP condition, and organ 

preservation. 

Intraoperative assessment of liver hemodynamics, perfusion and microcirculation seems to 

reflect severity of early IRI. Further work is needed to identify the most relevant parameter to 

predict severity of IRI based on an “easy to determine” intra-operative measurement.  

Taken together, addressing the complex topic of IRI from the side of NMP to prevent severe 

IRI and from a diagnostic point of view will contribute to better prevention of severe liver 

damage. 
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ZUSAMMENFASSUNG 

Hintergrund: Lebertransplantation (LTx) ist die effektivste Behandlung für verschiedene 

Endstadium-Lebererkrankungen. Es besteht jedoch eine zunehmender Bedarf nach 

Spenderorganen. Dieser Bedarf wird durch die zunehmende Verwendung marginaler Organe 

gedeckt, die von sogenannten „extended criteria donors“ stammen, z. B. Spendern mit hohem 

Alter, Begleiterkrankungen oder nach Herz-Kreislauf-Tod. Marginale Organe sind anfälliger 

für den unvermeidbaren Ischämie-Reperfusionsschaden (IRI). Eine Strategie zur möglichen 

Verbesserung der Organqualität durch Reduzierung der IRI ist der Einsatz der normothermen 

oxygenierten Maschinenperfusion vor Implantation. Es ist jedoch wenig bekannt über (1) die 

optimalen Balance von Sauerstoffzufuhr und Elimination der Abbauprodukte und (2) die 

Spendermerkmale, die das Ergebnis der NMP und den zugrunde liegenden 

Schädigungsmechanismus beeinflussen.  

IRI verursacht nach LTx eine Beeinträchtigung der Mikrozirkulation, einem der Hauptfaktoren, 

die das entzündliche Geschehen beim IRI initiieren. Die Quantifizierung der 

Mikrozirkulationsstörung könnte helfen, die Schwere der frühen IRI besser zu bestimmen. 

Ziel: Die Studie hatte zum Ziel, (a) NMP- und (b) LTx im Rattenmodell zu etablieren und beide 

Verfahren hinsichtlich Leberschädigung, -funktion und -mikrozirkulation zu charakterisieren. 

In der NMP-Studie sollte die bestmögliche Balance zwischen Sauerstoffzufuhr und Entfernung 

der Abfallprodukte erzielt und die Auswirkungen der Spendermerkmalen bestimmt werden. In 

der LTX-Studie sollte der Zusammenhang zwischen früher Mikrozirkulationsstörung und 

früher IRI nach LTx untersucht werden.  

Methoden und Ergebnisse: (1) Zur Bestimmung optimaler NMP-Bedingungen wurde der 

Einfluss der leichten Hyperperfusion und des teilweisen Wechsels des Perfusates (einmalig 

nach 3h oder zweimalig nach 2h und 4h) untersucht. Hinsichtlich der Spendermerkmale wurde 

der Einfluss des Geschlechts, des Alters und der Dauer der warmen Ischämiezeit (WIT) 

untersucht. Die Organe wurden 6h unter Verwendung von Williams E-Medium ohne 

Sauerstoffträger bei kontinuierlicher Messung des Portalvenendruckes (PVP) perfundiert. Der 

„wedge hepatic vein pressure,“ die Galleproduktion, und Parameter der Leberschädigung aus 

dem Perfusat wurden stündlich bestimmt.  Alle 2h wurde Gewebeproben entnommen, um die 

morphologische Schädigung anhand von HE-Färbung, den Ischämieschaden anhand der 

HMGB1-Färbung und die Stoffwechselfunktion anhand einer CYP1A2-Färbung zu beurteilen.  

Die geringste Schädigung bei bester Funktion wurde erzielt, wenn die Organe mit 3ml/min/gr 

Leber leicht hyperperfundiert und das Medium einmal partiell ausgetauscht wurde. Unter 

diesen Bedingungen wurden bei Organen von jungen männlichen Ratten nach einer WIT von 



viii 
 

30min (Kontrollgruppe) eine homogene Perfusion bei stabilem PVP erzielt. Die Lebern 

produzierten in 6 Stunden mehr als 120 µl/h/gr Leber Gallenflüssigkeit mit einem Maximum 

von knapp 35µl/h/gr Leber in der ersten Stunde. Parallel zur Abnahme der Galleproduktion 

nahmen die Anzeichen der Leberschädigung (Leberenzyme) zu. Die Histologie zeigte 

periportal Zeichen der hyerperfusionsbedingten Schädigung (zB Vakuolisierung) und eine 

perizentrale ischämische Schädigung, die durch die Translokation des nukleären Proteins 

HMGB1 und die reduzierte CYP1A2-Expression weiter bestätigt wurde. Weibliche Lebern und 

junge Lebern mit kürzerer WIT waren in höherem Maße geschützt, wie durch die höhere 

Gallenproduktion, geringere Enzymfreisetzung und weniger histologische Schädigung 

angezeigt wurde. Im Gegensatz dazu waren gealterte Lebern weniger gut konserviert. 

In der LTx-Studie wurden Lebern von jungen männlichen Spendern transplantiert und für 1h 

bzw 24h nach Reperfusion beobachtet. Alle Durchblutungsparameter (PVP, PVF; 

Gewebesauerstoffsättigung, Gewebeblutfluß, perfused capillary density) als auch die 

Routinelaborparameter (klinische Chemie, Blutbild) und die Histologie wurden vor LTX und 

im Empfänger nach LTx bestimmt, n=6 für 1h, n = 5 für 24h Beobachtung. Eine Stunde nach 

Reperfusion waren sämtliche Parameter der Leberdurchblutung deutlich erniedrigt, was als 

indirektes Zeichen einer noch persistierenden Herz-Kreislaufstörung nach der anhepatischen 

Phase gewertet werden kann. Zeitgleich sahen wir eine deutliche Erhöhung der Leberenzyme, 

die nach 24h bereits in Rückbildung begriffen war. Zu diesem Zeitpunkt zeigten sich 

histologische Schädigungszeichen, sowohl in der HE- als auch in der HMGB1-  und CYP-

Färbung. Die statistische Analyse ergab eine starke inverse Korrelation der zeitgleich 

erhobenen Durchblutungsparametern und Enzymwerten. 

Schlussfolgerung: Die NMP unter Verwendung von oxygeniertem Williams E-Medium ohne 

zusätzliche Sauerstoffträger kann die Morphologie und Funktion der Rattenleber für 

mindestens 6 Stunden erhalten. Die Spendermerkmale wie Geschlecht und Alter sowie eine 

auch minimale Verlängerung der WIT haben einen signifikanten, jeweils günstigen bzw. 

nachteiligen Effekt auf die Organkonservierung. Hier sind weitere Untersuchungen zur 

Aufklärung des pathophysiologischen Schädigungsmechanismus erforderlich. 

Die intra-operative Bestimmung von Leber hämodynamik, -perfusion und -mikrozirkulation 

scheint den frühen IRI gut abzubilden. Hier sind weitere Studien erforderlich um den Parameter 

zu identifizieren, der intraoperativ einfach zu bestimmen und Vorhersagen zum Schweregrad 

der IRI ermöglicht. Die Behandlung des komplexen Themas der IRI von der Seite der NMP, 

um schwere IRI zu verhindern, und aus diagnostischer Sicht wird dazu beitragen, schwere 

Leberschäden besser zu verhindern. 
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1 INTRODUCTION 

1.1 Global liver transplantation activity 

The number of liver transplantations is increasing constantly. However, the number of 

donor organs cannot match the need. In 2022, 37,436 liver transplants (LTx) were performed 

globally (Figure 1), an increase of 8% from 2021 and a 49% increase from 2015 (including 

living and deceased donors)(GODT, 2023). In the United States, 9,527 transplants were 

performed in 2022, representing a 52% increase over the past decade. However, in this year, 

twice as many adult candidates (24,186 patients) remained on the liver transplant waiting list.  

Therefore, organs from living donors and so-called marginal grafts are used in 

increasing frequency to expand the donor pool. In Asian countries, 2,260 liver grafts are 

obtained from living donors in 2022. In contrast, more than 90% of LTx are performed with 

livers from deceased donors in the Western world (Kwong et al., 2024). In the US alone, 603 

grafts (6.3%) were obtained from living donors, whereas 8,924 (93.7%) were from deceased 

donors in 2022.  

This includes grafts from aged donors, grafts with morphological impairment such as 

steatosis or grafts subjected to warm ischemia as in donation after circulatory death 

(DCD). The number of donations from older age groups has significantly increased by over 30% 

from 2012 to 2022. The sex composition of donors remained relatively unchanged in 2022: 

62.4% male, 37.6% female. In addition, the proportion of adults receiving DCD livers doubled 

in the 10-year period from 2012 to 2022 and increased from less than 5% (4.6%) in 2012 to 

more than 10% (11.3%) in 2022 (Kwong et al., 2024). 
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Figure 1. Global liver transplant activity in 2022 per million population. Overall 37, 436 liver transplants were 

performed, with 24% using living donors. The highest number of transplants per million population is seen in 

Korea, the United States, and several countries in Western Europe. Numbers provided by the Global Observatory 

on Donation and Transplantation (GODT), produced by the WHO-ONT. Accessed March 9, 2024 (GODT, 2023). 

1.2 Hepatic ischemia-reperfusion injury in liver transplantation  

LTx is the most effective treatment for various end-stage liver diseases (Sinha et al., 

2024). However, LTx holds the immanent risks of ischemia-reperfusion injury (IRI). Ischemia 

starts with the interruption of blood supply during organ procurement and ends with reperfusion 

upon re-installing the blood flow, resulting in both cold and warm ischemia. The term IRI refers 

to tissue damage caused by interrupting and then reestablishing blood supply to the organ. Liver 

IRI has substantial effects on liver function and causes systemic injury. The extent of IRI is 

dependent on the length of warm and cold ischemia during organ procurement, transport, and 

implantation and on the individual recipient's susceptibility. Furthermore, susceptibility is 

dependent on donor characteristics such as age, gender, and comorbidity of the organ and or 

the recipient. 

The mechanism involved in IRI is complex (Figure 2). Ischemic conditions disrupt cellular 

respiration, affecting the production of ATP due to the lack of oxygen and nutrients. Initially, 

there is a reduction in ATP production, prompting the initiation of anaerobic respiration and 

lactate accumulation. As a result, energy (ATP) is lost and succinate and dihydronicotinamide 

adenine dinucleotide (NADH) accumulates (Blacker & Duchen, 2016). Additionally, ischemia 
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prompts xanthine hydrogenase conversion into xanthine oxidase. This enzyme catalyzes 

hypoxanthine degradation under aerobic conditions (Jimenez-Castro et al., 2019). However, the 

generation of NADH and xanthine oxidase increases the production of reactive oxygen species 

(ROS), highly toxic molecules which can oxidize organic molecules and damage cell 

membranes through lipid peroxidation (Chullo et al., 2024).  

The primary mechanism underlying damage during cold storage involves injury to liver 

sinusoidal endothelial cells (LSECs). These cells are pivotal in maintaining vascular 

homeostasis and immune function, making them a central target of cold ischemia, whereas 

warm ischemia predominantly affects hepatocytes. During cold ischemia, there is a significant 

accumulation of NADH in damaged hepatic sinusoidal endothelial cells, contributing to the 

inability of injured LSEC to produce nitric oxide (NO). Depletion of NO stores and uninhibited 

activity of vasoconstrictors such as thromboxane A2 result in increased vascular tone and 

decreased blood flow to hepatocytes (Peralta et al., 2013). Furthermore, the Na+/ K+-ATPase 

function is nearly shut down due to insufficient ATP supply. Failure of the Na+/ K+-ATPase 

pump results in the intra- and extracellular sodium-potassium imbalance, resulting in swelling, 

bulging sacs, and fragmentation of cells (Tara et al., 2021). 

Blood reperfusion, rather than promptly restoring normal conditions, exacerbates the 

situation due to the excessive generation of ROS (Cursio & Gugenheim, 2012). During this 

period, ROS overproduction activates Kupffer cells, thereby initiating a cascade of 

inflammatory events, including the release of proinflammatory cytokines such as Tumor 

Necrosis Factor Alpha (TNF-α), Interleukin-2 (IL-2), Interleukin-6 (IL-6), Interleukin-1 (IL-1), 

and high mobility group box 1 (HMGB1) protein (Cursio et al., 2015). HMGB1 acts as an 

alarmin, an alarm protein signal that initiates the inflammatory response resulting from liver 

I/R injury (Gaskell et al., 2018). During reperfusion, HMGB1 translates the damage into the 

subsequent inflammatory reaction. HMGB1 translocates from the nucleus to the cytoplasm and 

further to the extracellular space. HMGB1 levels in serum increase during liver IRI as early as 

1 h after reperfusion and increase further in a time-dependent manner up to 24 h (Liu et al., 

2011; H. Yang et al., 2020). In addition, during reperfusion, ROS generated during reperfusion 

can degrade proteoglycans, posing a threat to the glycocalyx of the cell membrane. As a result 

of glycocalyx disruption, the LSEC surface is exposed and activated and, in turn, promote 

platelets and leukocytes adherence into the liver sinusoids, negatively affecting 

microcirculation (van Golen et al., 2012). 

In addition, autophagy plays a vital role during liver IRI. Autophagy is an intracellular 

self-digestion pathway initiated to remove damaged organelles and proteins, which maintains 
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cell survival, differentiation, and homeostasis (Mizushima, 2007). There is some contradictory 

data regarding the effects of autophagy in liver IRI. Ischemia-reperfusion injury in warm 

ischemia leads to rapid depletion of ATP. Mitochondria in hepatocytes are overloaded with  

ROS (Kim et al., 2003). Loss of substrates for oxidative phosphorylation leads to increased 

mitochondrial permeability, especially in the reperfusion phase. Autophagy is protective in this 

setting as it leads to the shuttling of damaged mitochondria into the autophagosome, limiting 

the production of ROS. Cursio et al. observed that overexpression of Beclin 1 or induction of 

autophagy through mammalian target of rapamycinm (mTOR) inhibitors such as rapamycin 

reduces IRI-induced hepatocyte death (Cursio et al., 2015). Similarly, previous reports 

indicated that treating LSECs subjected to static cold storage with simvastatin induced 

expression of the vasoprotective transcription factor Kruppel-like factor 2. Further, HMGB1 

released during IRI is a competitive binder of Beclin which in return induces autophagy. The 

protective effects of reducing HMGB1 secretion after IRI may be related to decreased 

autophagy when lower levels of HMGB1 are present (Shen et al., 2013). In contrast, several 

previous studies observed downregulating autophagy can attenuate liver IRI. Kang et al. 

revealed that melatonin downregulated autophagy via activation of mTOR signal which 

resulted in improvement of liver IRI (Kang et al., 2014). Besides, Fang et al. observed 

chloroquine inhibited autophagy and induced apoptosis aggravating liver IRI (Fang et al., 2013). 
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Figure 2. Mechanisms involved in liver IRI. The process of liver I/R injury involves a series of complex 

events, such as energy depletion of mitochondria (ATP depletion), metabolic acidosis, Kupffer cell activation, 

calcium overload, oxidative stress, and the upregulation of pro-inflammatory cytokine, resulting in cellular 

swelling, apoptosis, and necrosis. ATP: adenosine triphosphate; LSEC: liver sinusoidal endothelial cell; IL-1: 

interleukin-1; IL-2: interleukin-2; IL-6: interleukin-6; NO: nitric oxide; ROS: reactive oxygen species; TNF: 

tumor necrosis factor-a; eNOS: endothelial nitric oxide synthase; TM: thrombomodulin; Nrf2: nuclear factor 

erythroid 2-related factor 2. Figure generated using BioRender. 

 

1.3 Predictive value and visualization of liver microcirculation 

    Reperfusion after prolonged ischemia is affecting hepatic perfusion. As explained above, 

reoxygenation during reperfusion is impairing microcirculation due to the narrowing of the 

sinusoidal bed. Endothelial cell swelling and dysfunction, sludge formation with microthrombi, 

and leukocyte stagnation, may even lead to sinusoidal perfusion failure, a major determinant of 

IRI of the liver (Vollmar & Menger, 2009).  

Previous studies in rats demonstrated the pivotal role of the first few minutes after 

revascularization in developing hepatic reperfusion injury (Lu et al., 2014; Siniscalchi et al., 

2016). Therefore, severity of initial microvascular dysfunction might serve as a predictive 

parameter for the early graft function during the clinical course following liver transplantation 

(Marambio et al., 2018; Puhl et al., 2005). Marambio et al. revealed that portal flow of more 

than 123 mL/min per 100 g liver is indicative of a better survival after liver transplant 

(Marambio et al., 2018). Moreover, another previous study demonstrated the value of 

intraoperative microcirculation assessment for prediction of postoperative graft function by 

monitoring hepatic microcirculation 5min and 30min after reperfusion (Puhl et al., 2005). 

Intravenous fluorescence microscopy is one of the standard methods for investigating liver 

hemodynamics in experimental settings. Due to its high technical complexity and the 

requirement of potentially toxic fluorescent dyes for contrast enhancement, intravital 

fluorescence microscopy can not be applied in the clinic. As a result, some other techniques 

have been used clinically, including thermodiffusion and laser Doppler flowmetry (Aykut et al., 

2015; Ince, 2005; Puhl et al., 2005). Both methods demonstrated the value of assessing liver 

microcirculation and tissue perfusion in the clinic. Nevertheless, the hepatic sinusoidal network 

cannot be visualized directly in vivo using these techniques. 

    In contrast, orthogonal polarized spectral and sidestream dark field imaging video 

microscope devices are developed to visualize the alteration of microcirculation. However, due 

to technical limitations and poor image quality, these technique devices remained rather 

research tools for visual assessment of microcirculation, but did not make it into clinical routine. 

Recently, Cytocam, a novel handheld microscope based on incident dark field illumination 
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(IDF) technique, has been introduced. Improved contrast and image quality, as well as ease of 

use, render this handheld device a promising tool also for clinical application. CytoCam has 

been shown to be valuable and promising for intraoperative assessment of hepatic perfusion 

and microcirculatory alterations in hepatobiliary surgery, including liver resections (Uz et al., 

2021) and portal vein embolization (Shen et al., 2020; Uz et al., 2022). 

 

1.4 Impact of donor properties on hepatic IRI 

The severity of liver ischemia-reperfusion injury in LTx is affected by donor 

characteristics such as donor gender, age, and comorbidity, but also mode of death 

(Figure 3). Understanding the impact of donor properties, therefore, is critical to success in 

LTx. 

Female liver grafts perform better than male grafts. The liver, as a primary target for 

estrogen, relies on hepatic estrogen signaling to attenuate hepatic IRI and expedite recovery 

(Han et al., 2023). Based on previous rodent research, females are less susceptible to IRI, a 

protective mechanism initiated by estrogen. The protective effect of estrogen may involve its 

direct effect on the vascular endothelium by increasing the production of endothelial cell-

derived NO (Harada et al., 2001). It has been suggested that estrogen could act as a ‘survival 

factor’ for hepatic endothelial cells. Thus, male mice pre-treated with estrogen exhibit improved 

outcomes following IRI and, conversely, ovarectomised mice or female mice pre-treated with 

an estrogen receptor antagonist observed poorer outcomes (de Vries et al., 2013). In parallel, a 

20-year follow-up study of 313 liver graft recipients revealed that gender significantly affected 

post-transplant survival. Graft survival rate in female was significantly higher than in males. 

(females 61.4% vs male: 47.9%, P = 0.017, (Nephew et al., 2021)). 

Aged livers are more sensitive to IRI due to age-related impaired hepatic microcirculation, 

morphological changes, and hepatocyte dysfunction (Durand et al., 2019). At the cellular level, 

older donors have fewer and less functional mitochondria, rendering aged liver grafts 

susceptible to ATP depletion during static cold storage (SCS) and warm reperfusion (Dar et al., 

2019). Clinical data indicate that age of donor is a significant determinant of survival after 

transplantation. Schwartz et al. revealed that the 5-year post-transplant survival rate of liver 

grafts obtained from donors over 70 years reached to 55%, compared to 73% in the age of less 

than 70 years (Schwartz et al., 2012). One of the reasons contributing to the higher susceptibility 

for IRI is the age-related development of either hepatic fibrosis leading to increased stiffness of 

the organ but also the accumulation of fat in the liver, the age-related development of hepatic 

steatosis. Fibrosis and steatosis both impair the microcirculation of the liver due to the 
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compression of sinusoids either by deposition of a surplus of extracellular matrix or the 

intracellular accumulation of lipid droplets enlarging the hepatocytes. 

The mode of death of the organ donor is also affecting the outcome after transplantation. 

In contrast to grafts obtained from donors after brain death (DBD), organ obtained from DCDs 

experience warm ischemia due to the interruption of vascular perfusion prior to cold 

preservation. During this phase, hepatocytes suffer from oxygen and nutrient deprivation, 

resulting in decreased intracellular energy and increased oxidative stress, which aggravates 

liver injury (Petrovic et al., 2022). Furthermore, clinical studies demonstrated that the use of 

livers from DCD was historically characterized by increased rates of biliary complications and 

inferior short-term graft survival compared to grafts obtained from donor after brain death 

allografts. 

 

Figure 3. Impact of donor properties on hepatic IRI. Aged and grafts obtained donors after cardiac death are 

more susceptible to liver I/R injury. In contrast, female grafts are less susceptible to IRI due to the protective role 

of estrogen. (Figure generated using BioRender). 

1.5 Promises of liver machine perfusion 

    In the context of the increasing demand for donor use of marginal organs, the potential 

benefits of machine perfusion (MP) need to be explored in detail. Given its simplicity and 

cost-effectiveness, SCS has become the standard-of-care preservation method in liver 
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transplantation. Nevertheless, its efficacy is limited when preserving livers from marginal 

donors due to higher susceptibility to IRI because of structural abnormalities and easier 

depletion of energy stores, and loss of cellular function (Bruinsma et al., 2013).  

Normothermic machine perfusion (NMP) provides perfusion conditions close to the 

physiological situation. The liver graft is subjected to perfusion at 37°C using an oxygen-rich 

perfusate supplemented with essential nutrients to maintain metabolic functions ex vivo, see 

Figure 4 (Manzia et al., 2019). This technique stands out for its potential to preserve grafts 

from marginal donors, primarily attributed to reduced cold ischemic time and maintenance of 

cellular metabolic functions. Unlike SCS and hypothermic machine perfusion (HMP), which 

prioritizes metabolic reduction to extend graft viability, NMP maintains the liver at a state close 

to its physiological, metabolic rate, and synthetic function (Laing et al., 2017).  

 

Figure 4. Schematic representation of SCS and NMP systems. (A). For SCS, the liver is placed in a preservation 

solution within an ice box to maintain a temperature of 4 °C. (B). For NMP, a special device suitable only for 

normothermic liver perfusion is needed. In this fully cannulated circuit, perfusate flows from the inferior vena 

cava to a centrifugal pump before passing to an oxygen concentrator/heat exchanger. Blood then flows into the 

liver directly via the hepatic artery or to the portal reservoir. (The figure obtained from Ceresa et al. (Ceresa et al., 

2022) with friendly permission of publisher Springer Nature. Permission number: 5764720851339) 

MP improved the outcomes of allografts procured from DCD experiencing long-term 

WIT. Regardless of temperature, MP could resuscitate liver grafts that had been exposed to 

WIT for at least 60 minutes (Muth et al., 2023). MP significantly improved survival rates and 

prevented liver damage (Perk et al., 2011; Tolboom et al., 2008; Uygun et al., 2010). Based on 
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these results, it is evident that SCS is limited when applied to DCD grafts. Compared to SCS 

and hypothermic perfusion, liver grafts show higher metabolic activity during subnormothermic 

machine perfusion and NMP. Under these conditions, bile production, lactate clearance, and 

urea production can be used to measure metabolic activity. Prior to transplantation, liver graft 

viability can be assessed using these parameters. 

Several studies have shown that NMP attenuates preservation-related damages in livers 

obtained from DCD (De Stefano et al., 2021; Tolboom et al., 2008). Moreover, the clinical data 

support this finding. One phase III RCT reported that organs subjected to NMP were less likely 

to be discarded and presented with lower peak enzyme release than those that underwent SCS 

(Nasralla et al., 2018). Despite similar graft survival in the NMP and SCS groups, NMP showed 

54% longer preservation and 20% greater organ utilization without compromising graft survival. 

In addition, NMP may even serve as a novel avenue for ex situ treatment of donor livers to 

further optimize them for transplantation. Nagrath et al. described a medium containing a 

combination of defatting agents (Nagrath et al., 2009). This combination decreased the 

intracellular lipid content of cultured hepatocytes by 35% over 24 hours, and of perfused livers 

by 50% over 3 hours.  

1.6 Urgent issues to be addressed in NMP model 

The optimal perfusion settings are not yet fully defined. Due to the use of different 

perfusates, perfusion circuits, and devices, as well as perfusion routes, flows, and pressures, it 

is difficult to determine a specific machine perfusion setting best suited for ex vivo liver MP of 

certain types of grafts (Muth et al., 2023). Most studies emphasize that integrating a dialysis 

unit into the perfusion circuit might result in higher survival rates because harmful metabolic 

products produced during MP can be eliminated. Additionally, most publications indicated that 

oxygen carriers such as blood (Shonaka et al., 2019) and artificial oxygen carriers (Bodewes et 

al., 2020), already successfully used in the past, should be considered as options for the 

experimental design. However, Haque et al. observed NMP system can preserve rat grafts for 

24 hours without oxygen carriers (Haque et al., 2020). 

In addition, there have been no or only partial answers to clinically so far, no publications 

focus on the impact of donor properties on the outcome of NMP. 

1.7 Role of autophagy in liver machine perfusion 

The role of autophagy during the IRI is discussed controversially. It seems that 

autophagy exerts a beneficial effect on IRI in liver machine perfusion. A previous study 

indicated that hepatic protection during HMP was associated with mitophagy activation through 
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enhanced Parkin mitochondrial translocation and cell anti-apoptosis. In addition, Ohman et al. 

observed in a recent NMP study functional livers demonstrated more changes in the expression 

of genes associated with autophagy than did nonfunctional livers (Ohman et al., 2022). Active 

autophagy in functional livers was evidenced by higher expression of LC3-II protein after 6 h 

of perfusion. In contrast to non-functional livers, persistent activation of ribosomal protein S6 

kinase likely repressed autophagy during NMP, hindering the response of liver to injury and 

stress. Moreover, NMP protects against biliary injury in DCD rat liver via inhibiting autophagy. 

(Bai et al., 2023). Therefore, modifying autophagy during machine perfusion may be an 

attractive therapeutic strategy to improve donor liver organ function prior to transplantation. 

 

Taken together, IRI remains a major problem in liver transplantation, which is addressed in 

this study from two complementary points of view: 

1 Use of machine perfusion to reduce IRI of marginal livers 

2 Assessment of hepatic microcirculation early after LTx to predict severity of hepatic IRI 
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2 AIM AND HYPOTHESIS 

2.1 Aim 

In this study, we set four aims for NMP: 

1. Establish a stable NMP model for rat livers obtained from DCD. 

2. Investigate the optimal balance between sufficient supply and adequate waste removal in 

machine perfusion conditions for livers obtained from DCD by detecting liver damage. 

3. Explore the impact of donor properties such as age, gender, and duration of warm ischemia 

on the outcome of NMP by detecting liver damage, liver function, and liver microcirculation. 

4. Understand the impact of age on the liver subjected to NMP by investigating autophagy as 

one key mechanism. 

 

Similarly, we set three aims for LTx: 

1. Establish a stable rat orthotopic LTx model. 

2. Explore the impact of early I/R injury in rat LTx model on liver damage, liver function, and 

liver microcirculation. 

3. Investigate the correlation of liver microcirculation impairment with liver damage and liver 

function after LTx. 

2.2 Hypotheses 

1. Regarding the optimal balance of supply and waste removal in NMP, we hypothesized that 

slight hyperperfusion is needed to compensate for the limited oxygen supply when using 

oxygenated medium as perfusate and that partial medium change is improving graft 

integrity and function due to waste removal.  

2. Regarding the impact of donor properties on NMP, we hypothesized that (a) female and 

sWIT DCD livers were protected to a higher degree, as indicated by higher bile production, 

lower enzyme release, lower liver microcirculation damage, and lower histological damage, 

and that (b) aged DCD livers were less well preserved possibly due to structural impairment; 

3. Regarding the role of autophagy in aged livers subjected to NMP, we hypothesized that (a) 

autophagy was impaired in the aged liver, and that (b) NMP actives autophagy;  

4. Regarding the early I/R injury in rat LTx, we hypothesized that (a) hepatic morphology, 

liver function, and liver microcirculation are impaired to varying degrees early after liver 

transplantation and that (b) liver microcirculation is correlated to liver damage, blood 

components, and liver function.  
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3 STUDY DESIGN 

To achieve these goals, we designed a study with two parts. 

Part I: The NMP study consisted of 4 steps 

1. To establish the NMP model, the optimal sequence of surgical steps, the choice of perfusate 

(perfusion medium, perfusion time), and the flushing condition (solution, volume, speed, 

and heparin doses) were evaluated. 

2. To identify the optimal perfusion conditions representing the best balance between supply 

and waste removal, the impact of flow rate and medium change was tested. In the first step, 

young male livers obtained from DCD were subjected to NMP after a WIT of 30 minutes 

using a flow rate of either 1, 2, or 3 ml/min/g liver. In the second step, the impact of medium 

changes during the 6 hours perfusion period was evaluated. Half of the perfusate was either 

not exchanged or replaced once after 3 hours of perfusion, or twice after 2 and 4 hours of 

perfusion, respectively (n=3/group). The resulting optimal conditions were used in the 

following experiments. 

3. To explore the impact of donor properties on the outcome of NMP, 4 groups were designed 

based on gender, age and WIT. Livers from young male rats aged between 10 and 20 weeks 

were subjected to NMP after a WIT of about 30min, using a perfusion rate of 3ml/min/gr 

liver with one medium change after 3h were used as control. Livers from female donors of 

a similarly wide age range were used to explore the impact of donor gender, livers from 

male donors of 24 months were used to explore the impact of age, and livers from young 

male donors experiencing a WIT of 20 min were used to assess the impact of ischemia time. 

4. To investigate the role of autophagy in the aged liver, 2 groups were designed based on the 

donor age. Livers obtained from young and old male rats subjected to liver explantation 

were used as control group. Livers from young and old male rats subjected to 6 hours of 

NMP were used as the experimental group. 

 

Part II: The LTx study consisted of 3 steps 

1. To establish stable allogeneic rat LTx model, male Wistar rats were subjected to orthotopic 

LTx using the Two-Cuff technique. Stability of the surgical procedure was assumed when 3 

rats tolerated the LTX-procedure for at least 24h without obvious complications.  

2. To explore the impact of early IRI on liver damage and liver function, young male recipient 

rats were subjected to orthotopic liver transplantation. Donors livers were subjected to 1 

hour of cold storage. Recipients were sacrificed 1h and 24h after LTx (n=5 in 24h, n=6 in 

1h) to obtain blood and liver samples. For control purposes, blood and liver samples were 
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also obtained from the donors. 

3. To investigate hepatic microcirculation early after liver transplantation and to explore the 

correlation between liver microcirculation and liver damage and function, the donors and 

recipients were subjected to the same procedure as described above. The portal vein 

pressure, portal vein flow rate, liver stiffness, perfused capillary density in the liver and the 

proportion of perfused capillaries were detected in the donors prior to harvesting the liver 

and in the recipients 1h after LTx, respectively. 
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4 METHODS 

4.1 Animal experiments 

4.1.1 Animals 

    Female and male Wistar young rats aged 10-30 weeks (300-450g weight) and old rats aged 

120-125 weeks (550-650g) were obtained from Janviers (France) and Charles River (Germany). 

Rats were randomly housed in groups and had free access to food and water. The cages were 

kept under constant environmental conditions with a twelve-hour light/dark cycle in a 

conventional animal facility, constant room temperature (21 ± 2 °C), and 45–65% relative 

humidity. Animal experiments were performed according to the current German regulations 

and guidelines for animal welfare and documented according to the ARRIVE Guidelines for 

Reporting Animal Research. The animal experiment protocol was approved by the Internal 

animal protection officer/Thüringer Landesamt für Verbraucherschutz, Thuringia, Germany 

(Approval-Number: TWZ-02-2022, TWZ-04-2024, UKJ-23-004, UKJ-22-036, and UKJ-17-

106). All possible measures were taken to minimize animal suffering and decrease the number 

of animals used. 

4.1.2 Procurement of liver grafts from DCD  

    The rats were euthanized through CO2 inhalation. Assurance of complete cessation of both 

cardiac heart and respiratory movements as tested by palpation marked the initiation of the 

warm ischemia time (WIT). WIT was defined as the period between the cessation of cardiac 

activity and the connection with the perfusion apparatus. All livers were subjected to in situ 

warm ischemia for durations of either 20 or 30 minutes. After a transverse laparotomy, the 

intestine was retracted to the lower right to fully expose the liver. The common bile duct (CBD) 

was cannulated with a Fr 2 polyurethane cannula (Table S1). After ligating and transecting the 

hepatic artery, the portal vein (PV) was cannulated with an 18G steel cannula (Table S1). The 

liver was flushed via the PV cannula (10ml/min) with 100 mL of Ringer-lactate solution 

containing 500U heparin (Table S2), maintained at room temperature with a flow rate of 

10ml/min. The inferior hepatic vena cava (IHVC) and the thoracic segment of the superior 

hepatic vena cava (SHVC) were transected to serve as outflow tracts during the flushing. 

Subsequently, a Fr 1 polyurethane cannula (Table S1) was inserted through the SHVC to the 

left hepatic vein. After flushing, the liver was removed by transecting the ligaments and CBD. 

The excised liver was then weighed, placed in a petri dish, and transferred to the machine 

perfusion system.  
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4.1.3 NMP setup 

    The NMP circuit (Figure 5) included a perfusion chamber, one peristaltic pump, a hollow 

fiber membrane oxygenator, a bubble trap, and a reservoir. The system temperature was set at 

37℃. The liver was continuously perfused for 6 hours. Portal vein pressure and wedge hepatic 

pressure were measured hourly, see chapter 4.6.1. The perfusion solution (Table S4) consisted 

of 400ml phenol red-free Williams E Medium, supplemented with 100ml fetal bovine serum, 

100 U/mL penicillin, 100 mg/ml streptomycin, 0,292 g/l L-glutamine, 1U/L insulin, and 10 

mg/L hydrocortisone. Carbogen (95% O2 + 5% CO2) was used for oxygenation. The inflow 

pO2 was continuously maintained at >300 mmHg (flow rate: 4L/min). 

 

Figure 5. Setup of the NMP system. (Figure generated using BioRender) 

4.1.4 Technique of orthotopic rat liver transplantation  

Donor procedure 

The donor rats received a subcutaneous injection with 0.05 mg/g body-weight buprenorphine 

subcutaneously 30min before surgery followed by induction and maintenance of anesthesia 

with 4% and 2.5% isoflurane inhalation, respectively. After confirming the absence of reflexes, 

the rats underwent hepatectomy. The rat was placed in a supine position on its back. Following 

transverse laparotomy, about 1cm below the rib cage, the intestine was placed to the lower left 

side of the abdominal cavity to expose the liver and covered with wet gauze. The falciform 

ligament, left diaphragmatic vein, and hepato-esophageal artery were divided and transected 

sequentially. After opening the retroperitoneum to access the inferior hepatic vena cava (IHVC), 
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the right renal vein (RRV) and the right adrenal vein (RAV) were ligated and dissected. The 

hepatic artery (HA), splenic, and duodenal-pancreatic veins were ligated using 6-0 silk and 

dissected. A 22G, 5 mm stent with a rough surface was inserted into the common bile duct 

(CBD), and secured in position with a 6-0 ligature. As a next step, 1 IU/gr body weight of 

heparin was injected through the dorsal vein of the penis. After cannulating the portal vein (PV) 

with an 18G needle, the liver was flushed with 0.2ml/gr body weight of cold ringer lactate with 

1 IU/gr body weight of heparin using a pressure of 20cm water column. At the same time, the 

IHVC was opened below the left renal vein to allow an adequate outflow, and the diaphragm 

was opened to transect the SHVC above the diaphragm in the thorax. Flushing took about 10 

minutes to 15 minutes, corresponding to a physiological flow rate of 1-2ml/min/gr liver. The 

diaphragm was dissected completely, and the liver was placed into a Petri dish with ice-cold 

saline solution. 

Back-table procedure 

After transferring the graft to a cell culture dish containing 0-4°C ice-cold saline solution and 

placing the dish on ice, the cuff was inserted into the PV, followed by everting the vessel around 

the edge to expose the intima. A ligation was placed to secure the vessel in this position. The 

same procedure was performed in the IHVC. After that, the SHCV was freed, and all remaining 

tissue of the diaphragm was removed and trimmed to a length of about 5mm. Two 8-0 single-

armed prolene stay sutures were placed at the opposite lateral edges of the SHVC, from outside 

to inside. After that, the graft was stored in the refrigerator at 0-4 °C. 

Recipient procedure 

The recipient rats were subjected to the same anesthesia and laparotomy procedures as the 

donors. The left diaphragmatic vein, hepato-esophageal artery, and RAV were ligated and 

dissected. Systemic heparinization was performed as in the donor after ligating and dissecting 

proximal and distal CBD and HA. The SHVC was blocked with a Satinsky clamp which was 

placed on the right side. Consequently, IHVC and PV were blocked using microvascular clamps, 

thereby starting the anhepatic phase. During the anhepatic phase, the isoflurane concentration 

was decreased to 0.6%. The donor liver was transferred into the recipient's abdomen. After 

fixing two stay sutures at the two corners of the SHVC, the posterior and anterior walls were 

sutured from right to left and from left to right, respectively. For PV anastomosis, stay sutures 

(7-0 prolene) were placed on both sides of the PV and held in place with mosquito clamps for 

retraction. Then, the cuff was inserted and secured with 6-0 silk suture. After removing the 
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portal and Satinsky clamps, the isoflurane concentration was adjusted to 1%. The same 

procedure was performed for the IHVC anastomosis. For the BD anastomosis, the remaining 

BD in the recipient was partially opened to insert the BD stent. Then the BD stent was secured 

with 2 silk sutures. The intestine was placed back into the abdominal cavity, and the muscle 

and skin layer were sutured separately with a running suture using prolene 4-0. After closing 

the abdomen, 0.5% glucose solution in a dose of 0.01ml/g/gr body weight was injected 

subcutaneously. 

4.2 Experimental groups 

4.2.1 Group distribution for NMP study (Part I) 

The NMP study (Part I) was performed in 4 steps (Figure 6): Step I: Setting up the 

surgical model. Step II: Identification of optimal perfusion conditions representing the best 

balance between oxygen supply and waste removal, see Figure 7. Step III: Exploration of 

donor properties potentially affecting the outcome of NMP, see Figure 8. Step IV: 

Investigation of the relationship between age and autophagy, see Figure 9. 

In the Step I, we explored the sequence of surgical steps as well as the solution for flushing 

and perfusions to get a stable NMP model. In Step II, we investigated the impact of flow rate 

and medium change. Firstly, young male livers obtained from DCD were subjected to NMP 

after a WIT of 30 minutes using a flow rate of either 1, 2, or 3 ml/min/g liver. Secondly, we 

evaluated the impact of medium changes during the 6h perfusion period. Half of the perfusate 

was either not exchanged or replaced once after 3 hours of perfusion, respectively twice after 2 

and 4 hours of perfusion. As shown in Figure 7, the resulting optimal conditions were used in 

the following experiments. 

 

Figure 6. Experimental design of NMP experiment. (Figure generated using BioRender) 
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Figure 7. Experimental design for identification of optimal perfusion conditions representing the best 

balance between oxygen supply and waste removal. (Figure generated using BioRender) 

 

To explore the impact of donor properties on the outcome of NMP (Step III, Figure 8), 4 

groups were designed based on gender, WIT, and age of the rat. Livers from young male rats 

aged between 10 and 20 weeks subjected to NMP after a WIT of 30min, using a perfusion rate 

of 3ml/min/gr liver with one medium change after 3h, were used as control. Livers from female 

donors of the same age were used to explore the impact of donor gender, livers from male 

donors over 24 months were used to explore the impact of age, and livers from young male 

donors subjected to a shorter WIT of 20 min were used to assess the impact of ischemia time. 

 

Figure 8. Experimental design for exploration of donor properties potentially affecting the outcome of 

NMP. (Figure generated using BioRender) 
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  To investigate the relationship between age and autophagy and explore the impact of NMP on 

autophagy (Step IV, Figure 9), two groups were designed based on age. Liver explanted from 

young and old male rats serving as recipients of liver grafts were used as control. Livers from 

young and old male rats subjected to 6 hours of NMP were used as experimental groups. Liver 

samples were obtained after 2h, 4h and 6h of machine perfusion. Protein expression level of the 

autophagy markers p62 and LC3b was detected by western blot.   

 

Figure 9. Experimental design for investigating the relationship between age and autophagy. Native 

explanted livers were used as controls and livers subjected to 6h of NMP were as experimental groups.  

4.2.2 Group distribution for LTx study (Part II) 

The LTx study (Part II) consists of three steps (Figure 10): Step I: Establishment of rat 

Ltx in respect to learning the sequence of surgical steps separately, reducing the anhepatic time 

to less than 25 min, improving the intra-operative management to achieve homogenous 

reperfusion reproducibly, Step II: Exploration of early ischemia-reperfusion injury in rat liver 

transplantation using an observation time of either 1 or 24h, and Step III: Investigation of liver 

microcirculation and correlation of liver microcirculation,  damage and function after rat liver 

transplantation. 

First, to establish rat liver transplantation (Step I, Figure 10), the training was divided into 

3 phases. Phase A: “dry exercise” using surrogate materials; Phase B: cadaver training, 

including Phase B1: anastomosis training using cadaveric vessels, and Phase B2: LTx full 

procedure training using cadavers; Phase C: living animal training, including Phase C1: 

Technical training of full LTX procedure using living animals without postop observation, 

Phase C2: Training of full LTX using living animals to determine postoperative 24h survival 

rate, Phase C3: Training of full LTX-procedure with planned short term observation of 1h to 

ensure reproducible results, and Phase C4: Evaluation of optimized flushing conditions. Phase 

A consisted of practicing microsurgical handling using surgical gauze and practicing 
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anastomosis using silicone tubes. Phase B1 consisted of practicing anastomosis on vessels 

(SHVC) from rat cadavers to improve tissue handling.  Phase B2 consisted of training the full 

procedure on rat cadavers to practice all relevant steps of LTx. Phase C consisted of full 

procedure technical training using living rats. In Phase C1, animals were sacrificed immediately 

after completing the procedure. In Phase C2, animals were observed to record the survival time 

of maximally 24h. Phase C3 consisted of performing the full transplantation procedure training 

to achieve planned short term observation. Phase C4 consisted of training the full 

transplantation procedure and optimizing the flushing condition to achieve homogenous 

reperfusion. Here, animals were euthanized at the end of reperfusion.  

 

Figure 10. Experimental design for establishment of rat LTx model. (Figure generated using BioRender) 

Second, to explore the extent and severity of early I/R injury (Step II, Figure 11) in terms 

of hepatic function and hepatic damage, young male recipient rats were subjected to orthotopic 

liver transplantation. The liver grafts were subjected to 1 hour of cold storage. The recipients 

were sacrificed 1h respectively 24h after transplantation (Figure 12).  
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Figure 11. Experimental design for investigation of early ischemia-reperfusion injury and liver 

microcirculation. (Figure generated using BioRender) 

    Lastly, we investigated hepatic microcirculation and perfusion impairment after early liver 

transplantation and explored the correlation between liver microcirculation and liver function 

and damage parameters (Step III, Figure 11). The donors and recipients were subjected to the 

same procedure as in Step II. In addition, hepatic hemodynamics in terms of (portal vein 

pressure (PVP), portal vein flowrate (PVF)), hepatic microcirculation, in terms of liver perfused 

capillary density, and proportion of perfused capillaries and liver stiffness, were assessed in the 

donors prior to explantation and in recipients 1h after transplantation, respectively. Severity of 

early IRI 1h after reperfusion in terms of liver function and damage parameters was compared 

to the results obtained after 24h. 

 

Figure 12. Group distribution for investigating early IRI and liver microcirculation after reperfusion. 

(Figure generated using BioRender) 

4.3 Sample collection 

4.3.1 NMP perfusate collection and analysis 

    Blood gas analysis was performed at 0h, 1h, 3h, and 5h during perfusion on inflow and 

outflow perfusate samples, testing partial pressure of oxygen (pO2), partial pressure of carbon 

dioxide (pCO2), bicarbonate (HCO3-), potassium, and PH. The oxygen consumption rates 

during NMP were calculated using the following equation: Oxygen consumption (μmol 
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O2/min/g liver) = (Cin-Cout)/portal flow (ml/min/g liver) where Cin and Cout are the oxygen 

concentrations in the inflow and outflow, respectively. Oxygen solubility in water=oxygen 

concentration (μmol O2/ml)/ pO2 (kPa). Oxygen solubility in water at 37℃ = 0.01056 μmol 

O2/ml/kPa (Han et al., 2023). 

𝑂𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
(𝑝𝑂2

𝑖𝑛 − 𝑝𝑂2
𝑜𝑢𝑡) × 0.01056

𝑃𝑜𝑟𝑡𝑎𝑙 𝑓𝑙𝑜𝑤
 

In addition, outflow perfusate (2 mL) was collected hourly and centrifuged at 4,000 rpm for 

10 minutes to obtain the supernatant. The aminotransferase (AST), alanine aminotransferase 

(ALT), glucose, and lactate dehydrogenase (LDH) levels were measured in the supernatant 

using an automated Bioanalyzer (Cobas 800, Roche). 

4.3.2 LTx blood sample collection and analysis 

    The recipient rats received a subcutaneous injection with 0.05 mg/g body-weight 

buprenorphine subcutaneously 30min before surgery followed by sacrifice at 1h and 24h post-

transplant via overdose of isoflurane. To detect the release of liver enzymes and renal function, 

blood (2 mL) was collected via IHVC and centrifuged at 4,000 rpm for 10 minutes to obtain 

the plasma. AST, ALT, albumin, alkaline phosphatase (ALP), amylase, bilirubin, cholinesterase, 

cholesterol, γ-glutamyltransferase (γ-GTT), glucose, urea, creatinine, triglycerides, total protein, 

and LDH levels were measured in the plasma using the automatic biochemical analyzer (Cobas 

8000, Roche).  

In addition, 1ml EDTA blood was collected for a blood count. The white blood cells (WBC), 

red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume 

(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration 

(MCHC), and platelet (PLT) were measured by VetScil ABC Hematology analyzer. 

4.3.3 NMP bile collection and analysis 

    As described by others (Liu et al., 2021; Op den Dries et al., 2016), bile production per hour 

per gram liver (ml/h/gr liver) is considered to be an easy-to-determine but very valuable 

indicator of hepatic function during machine perfusion. The bile was collected and weighed in 

hourly intervals. 

4.3.4 Liver samples collection 

    For the NMP study, liver tissue samples were harvested after 2nd (inferior caudate lobe), 4th 

(superior caudate lobe), and 6th (the remaining liver lobes) hour of machine perfusion.  Samples 
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from native livers were obtained from the explanted liver of recipients. Samples from the 

transplanted livers were harvested at 1h post-transplant and 24h post-transplant, respectively. 

All liver samples were fixed in a 5% Formaldehyde solution (Table S2) and stored at 4℃ for 

at least 24h; samples from the remaining liver (one samples from each liver lobe) was snap-

frozen in liquid nitrogen. Tissue samples were stored at -80℃ until use.  

4.4 Histology 

    Liver tissue samples were fixed with 4% formaldehyde followed by paraffin-embedding. 

Then, 3µm tissue sections were prepared and mounted on positively charged slides (Epredia, 

Netherlands). Sections were subjected to Hematoxylin–Eosin (HE) staining to assess 

morphology and evaluate liver injury. Other sections were used for immunohistochemistry to 

determine the spatial distribution and zonal expression of CYP1A2 and visualize and quantify 

HMGB1 translocation. 

4.4.1 HE staining and analysis 

    HE staining involved deparaffinizing and rehydrating the 3µm sections with ascending 

grades of alcohol, followed by staining with hematoxylin and eosin solutions. The sections were 

then dehydrated using ascending alcohol concentrations. Finally, the slides were digitized using 

a full slide scanner from Hamamatsu, Japan, equipped with the NDP.view2Plus image viewing 

software, Version U12388-02, at a magnification level of 40x.  

Liver damage was assessed using a modified Suzuki score for samples obtained from liver 

after NMP (Chen et al., 2023) and a conventual Suzuki score, respectively. In addition to the 

conventional Suzuki Score for the samples obtained from transplanted animals (Suzuki et al., 

1993) assessing vacuolization, necrosis, and congestion, the following parameters were 

considered: pyknosis, erythrocytes in vessels and sinusoids, hepatocyte detachment, and vessel 

detachment. The illustration of cellular features of the modified Suzuki score is shown in 

Figure 13. Each corresponding histological change is scored from 0 to 3 depending on the 

extent. The scoring rules are as follows (Table 1): Score 0: No specific histological change in 

the fixed magnification; Score 1: Specific histological change in the fixed magnification in less 

than 30% of the tissue; Score 2: Specific histological change in the fixed view greater than 30% 

but less than 60% of the tissue in the fixed magnification; Score 3: Specific histological change 

in the fixed magnification in more than 60% of the liver section. Two independent reviewers 

(CHT, XPC) scored three representative regions of interest (ROI) in the periportal and 

pericentral zones, respectively. Any differences were resolved via discussion with a third 

reviewer (dah and/or ODI) one being a board certified hepatopathologist.  
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Figure 13. The illustration of cellular features for modified SUZUKI score (X80). In addition to the 

conventional Suzuki Score for assessing vacuolization, necrosis, and congestion, the following parameters were 

considered in modified Suzuki score: pyknosis, erythrocytes in vessels and sinusoids, hepatocyte detachment, and 

vessel detachment. 

Table 1. Criteria for the modified Suzuki score 
Histological changes Score Magnification 

0 1 2 3 

Vacuolization  None <30% 30%-60% >60% 40x 

Necrosis None <30% 31%-60% >60% 40x 

Congestion/ Sinusoidal 

dilatation 

None <30% 31%-60% >60% 40x 

Erythrocytes in vessels and 

sinusoids 

None <30% 31%-60% >60% 40x 

Hepatocyte detachment None <30% 31%-60% >60% 40x 

Vessel detachment None <30% 31%-60% >60% 40x 

Pyknosis None <30% 31%-60% >60% 40x 

4.4.2 Immunohistochemistry and analysis 

Immunohistochemistry was performed using 3 µm-thick formalin-fixed paraffin-embedded 

liver tissue sections. Two different stainings were performed using antibodies against CYP1A2 

and HMGB1. CYP1A2 as a drug metabolizing enzymes which was used as indirect marker of 

hepatic function. HMGB1 was used as marker of ischemic damage, since ischemia is causing 

translocation from the nucleus into the cytoplasm (Table S6). Liver tissue sections were 

deparaffinized and rehydrated with ethanol in descending grades. In the next step, the antigens 

were retrieved by placing the section in Trisodium citrate buffer (PH 6.1) followed by heating 

to 100°C for 30 minutes using a steamer (Braun, Germany). Tissue sections were subjected to 

peroxidase blocking to inhibit the endogenous peroxidase activity. Afterwards, endogenous 

avidin and biotin activity was inhibited using an Avidin/Biotin Blocking Kit (Table S1). 
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Thereafter, endogenous IgG was blocked using a commercially available ready-to-use protein 

block (Table S1).  

For CYP1A2-staining, sections were incubated overnight with the primary mouse 

monoclonal antibody (1/3000) (Table S6) at a temperature of 4°C. Subsequently, sections were 

incubated with the goat anti-mouse IgG H&L (biotin) secondary antibody (1/2000) (Table S6) 

for 60 minutes at room temperature.  

    For HMGB1, sections were incubated with the primary rabbit polyclonal antibody (1/2000) 

(Table S6) for one hour at room temperature. Subsequently, sections were incubated with goat 

anti-rabbit IgG H&L (biotin) (1/5000) secondary antibody (Table S6) for 30 minutes at room 

temperature.  

    All sections were subjected to Streptavidin HRP (Table S1) for 10 minutes at room 

temperature. The reaction was visualized using DAB-chromogen for 3 to 5 minutes while 

maintaining the ambient temperature. Counterstaining was performed using Mayer’s 

hematoxylin for 15 minutes. A negative reagent-control slide was included for each run, using 

the same protocols but without applying the primary antibody. Used a section known to contain 

the antigen to be detected as a positive control for each run. In addition, one positive control 

was included in each run, using a section with a known expression of the given antigen. The 

stained slides were scanned and digitized as described above.  

For quantitation of the extent of necrosis in LTx samples respectively of CYP1A2-expression 

in NMP and LTx samples, we used the generic 128 algorithms of the Histokat Software (Table 

S3) to determine the relative surface covered by a patterns (necrosis) or signal CYP1A2 staining. 

The Histokat software is based on a machine-learning algorithm developed by Fraunhofer 

MEVIS. The whole slide scans are divided into square tiles of a given size by the algorithm. A 

pattern recognition algorithm was trained using a minimum of 30 tiles from each liver lobes 

and four representative images of the series. First, we uploaded the whole slide scan to this 

program (Figures 14 A-B). Then, the foreground classification was performed and the 

corresponding tissue was marketed in pink (Figures 14 C-D). We used pattern recognition to 

identify areas with necrotic or viable respectively positive or negative signals which were 

marked in red and blue. Finally, Histokat automatically calculated the relative surface covered 

by the red overlay color in percent of the total surface of the section, indicating the relative 

areas with the targeted pattern (Figures 14 E-F).  
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Figure 14. Image analysis of whole slide scan with sections from liver lobes using Histokat pattern 

recognition algorithm. A-B. The original image after CYP1A2 staining. C-D: Overlay image of liver after color 

coding the foreground classification with pink. E-F: Overlay image of liver after color coding the 

immunohistochemical visualization of CYP1A2 expression. Square tiles classified into two color classes (blue for 

the CYP negative or mildly stained hepatocytes and red for strong to moderate CYP stained hepatocytes). 

  

Image J (Table S3) was used to determine the area fraction of the HMGB1 signal in the 

periportal and pericentral regions separately, a feature which is not possible using Histokat, 

respectively. The steps are shown in Figure 15. The 40X images in uncompressed tiff-format 
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of representatively selected periportal and pericentral areas were uploaded into Image J. Then, 

the images omitting the negative signal were obtained using the color split channels tool. As a 

next step, the threshold was adjusted to include all the positive signals. After that, the 

hepatocytes were chosen based on the diameter of the nucleus. Finally, the percent of 

hepatocyte nuclei expressing the HMGB1 signal was calculated automatically. 

 

Steps Imgaes  

 

Upload images representing the regions of 

interest into image J. 

 

Using the color split channels tools to split the 

image into 3 single images, omitting the blue, 

red, and green colors. The blue channel image 

was used to identify the positive nucleus, 

omitting the blue. 

 

Adjust the threshold of the selected blue 

channel image to cover all the positive signals 

with red. Automatically measure the percent of 

the red relative surface. 

 

Figure 15. Image analysis of HMGB1 using Image J.  

 

4.5 Protein analysis 

4.5.1 Protein extraction and sample preparation 

    Snap-frozen liver tissue was lysed in 1× protein lysis buffer (Table S7), followed by 

homogenization using a SpeedMill Plus with lysis tube A. Tissue lysates were then centrifuged 

for 10 minutes at 14,000 × rpm in a 4 °C pre-cooled micro-centrifuge. The lysate was transferred 

to a new Eppendorf tube on ice. The protein concentration of each lysate was determined by 

the BCA protein assay kit following the manufacturer’s instructions. Concentration of all the 
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samples was adjusted to 2µg/µl. Samples containing an equal amount of total protein were 

denatured in a loading buffer (Table S7) by heating for 5 minutes in a thermomixer (Eppendorf 

Centrifuge 5420, Germany) at 95 ℃ and then cooled down to room temperature prior to 

electrophoresis. 

4.5.2 SDS-PAGE and Western Blot  

10 µL of each sample and a molecular weight marker (Table S2) were loaded into SDS-

PAGE gel (Table S8) to determine adequate separation of the targeted protein at the respective 

protein size. Stacking and separate gel concentrations were set 5% and 12%, respectively. The 

SDS-PAGE was run in a mini gel tank filled with 1× running buffer (Table S7) at 80V for 30 

minutes, followed by 100V for approximately 2 hours. Meanwhile, polyvinylidene difluoride 

(PVDF) membranes (Table S1) were activated in methanol for 1 minute and then soaked in 1× 

transfer buffer (Table S7). Filter papers (Table S1) and sponges were also soaked in 1× transfer 

buffer for 10 minutes prior to assembly of the transfer “sandwich”. After electrophoresis, the 

gels were removed from the electrophoresis apparatus and equilibrated by soaking in 1× transfer 

buffer for 10 minutes. Transfer sandwiches were assembled and placed in a mini transfer tank. 

To transfer separated proteins from the gels onto PVDF membranes, the wet transfer was 

performed at 200mA for 2 hours. After transfer, membranes were blocked in 5 % milk in TBST 

(Table S7) at room temperature for 1 hour with constant rocking. Membranes were then 

incubated in primary antibodies (Table S9) diluted in a blocking solution overnight at 4 ˚C with 

gentle rocking. After incubation, membranes were washed with 1× TBST thrice for 10 minutes 

each with gentle rocking. Afterward, the membranes were incubated with the secondary 

antibody (Table S9) diluted in a blocking solution for 1 hour at room temperature with gentle 

rocking. Membranes were again washed with 1× TBST three times for 10 minutes each with 

gentle shaking. As a next step, membranes were then incubated in freshly prepared 

chemiluminescent HRP substrate (Table S1), and chemiluminescence signals were captured 

using the Fusion FX7 (Table S3). Quantitative analysis of western blotting results in terms of 

signal intensity was performed using the software Image J. 

4.6 Hepatic hemodynamics, tissue perfusion, and microcirculation 

4.6.1 Hepatic hemodynamics 

Continuous monitoring of PV pressure in NMP was performed by using a reusable BP 

transducer provided by ADInstruments (Table S3). Hourly monitoring of wedge hepatic venous 

pressure (WHVP) was achieved by inserting a Fr 1 polyurethane cannula into the stem of the 
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left hepatic vein. The catheter was connected to the ADI system via a 3-way stopcock, which 

was closed for the hourly measurement.  

Similarly, in LTx study, portal vein pressure and portal vein flow (PVF) were monitored in 

the donor liver before liver explantation and in recipient liver after 1h transplantation, 

respectively. For the PVP measurement, a Millar catheter was inserted via the splenic vein to 

the portal vein and connected to the ADI system. For PVF measurement, microvascular 

perivascular flow prob (Transonic) was placed around the portal vein and connected to the 

device. 

4.6.2 Tissue perfusion 

Liver microvascular perfusion was assessed as an additional parameter to evaluate hepatic 

microcirculation after NMP and transplantation via the spectrometric device O2C (LEA 

Medizintechnik GmbH, Germany). The O2C-assessment was performed hourly in NMP, as 

well as before and after LTx 1h, respectively (Figure 16). A specially designed probe (LFX-

53) for rat liver was used with laser separation 1.2 mm and white separation 1.2 mm. The sensor 

is embedded into a silicone membrane with a diameter of 15mm, which is placed on the surface 

of the liver and remains in place via capillary adhesion forces. The O2C device can provide the 

following three parameters of organ microcirculation: relative microvascular perfused blood 

flow (Flow) [AU] which indicates the volume flow in relative units; tissue oxygen saturation 

(SO2) [%], and relative tissue hemoglobin concentration (rHb) [AU] which represents the 

hemoglobin content in measured tissue. The sensor was placed on three ROI on the left lateral 

liver lobe to record the signal for 10s, as suggested by Li et al.(C. H. Li et al., 2017).  

 

Figure 16. Image illustrating the monitoring of liver microvascular perfusion via O2C in the liver. (A) O2C 

sensor of left lateral liver lobe in situ in living animals. (B) O2C sensor on left lateral lobe ex-situ on liver subjected 

to NMP.Please note the shamrock shape of the silicone membrane (black arrow) and the small square sensor  (blue 

arrow)  
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4.6.3 Hepatic microcirculation 

Liver microcirculation was assessed (1) in the normal liver tissue either in the native liver of 

the donor or in the recipient liver prior to explantation and (2) in transplanted recipient liver 

grafts after 1h after LTx to assess impact of early IRI on hepatic microcirculation in real time. 

Assessments were performed via Cytocam (Braedius, Netherlands) using an incident dark field 

imaging technique. Using Cytocam-IDF imaging, microcirculation on organ surfaces can be 

visualized with IDF illumination and optical and technical features. It uses incident dark field 

illumination with high-brightness LEDs with a very short illumination pulse time of 2 ms. It is 

computer-controlled and electronically synchronized to the illumination pulses in order to 

acquire and analyze images. This feature, in combination with a specialized set of lenses, 

projects images onto a computer-controlled image sensor and results in high penetration and 

sharp contour visualization of the microcirculation, showing flowing red and white blood cells. 

The device is constructed of aluminum and titanium, resulting in a lightweight (120 g) and pen-

like instrument (length 220 mm, diameter 23 mm). The camera is fully digital, with a high-

resolution sensor used in binning mode, resulting in a 3.5-megapixel frame size. The 

combination of an optical magnification factor of 4 and the large image area of the sensor 

provides a field of view of 1.55 × 1.16 mm, about three times larger than the field of view of 

previous devices (Figure 17).   

Image sequences were captured at 25 frames/s. Image sequences generated by Cytocam were 

captured using CCTools V2 (Table S3) and stored on a laptop. Three consecutive video 

sequences of 4 s were captured before and one hour after LTx on the left lateral lobe surface to 

minimize heterogeneity in the selected region of interet.  

CCTools V2 was used to analyze the captured images. Both capillaries and non-capillary 

vessels were captured and analyzed. The analysis of the microvascular density was restricted to 

vessels with a diameter <16 μm. In addition, the number of vessel segments, vessel density, and 

total length of vessels in capillary respectively non-capillary vessels were analyzed. 

Furthermore, the density and proportion of perfused capillary vessels were analyzed. As shown 

in Table 2, a total vessel density (TVD), including both total capillary density (TCD) and total 

non-capillary density (TNCD), was determined to measure the total vessel area per surface area 

reflecting diffusive capacity. Perfused capillary density (PCD) estimates the functional 

capillary density, which accounts for both convective and diffusive properties of the visualized 

microcirculatory bed. The proportion of perfused capillary (PPC) represents the percentage of 

the total microcirculatory vessel length with flow grades that met the accepted threshold 

(sluggish or continuous) (Uz et al., 2021). 
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Table 2. The definition and characteristics of key parameters in CytoCam 

Microcirculation parameters Definition and characteristics 

Total capillary density (TCD, 

mm/mm2) 

Measurement of total capillary area per surface area. Determinant of capillary 

distance to tissue (diffusive capacity). 

Proportion of perfused 

capillary (PPC, %) 

Percentage of the total microvascular length with flow grades that met the 

accepted threshold (sluggish or continuous). 

Perfused capillary density 

(PCD, mm/mm2) 

PPC × TVD. Estimates the functional capillary density, which accounts for 

both convective and diffusive properties of the visualized microcirculatory bed. 

 

 

Figure 17. Cytocam IDF video microscope. As hemoglobin absorbs light at 540 nm, the tip of the Cytocam 

probe emits green light at that wavelength, resulting in dark appearance on the screen.  

4.6.4 Stiffness of the liver 

    Liver stiffness was assessed after terminating the 6h NMP to relate any changes in perfusion 

pressure to eventually preexisting differences in mechanical properties of the organs between 
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the groups. For the LTx, to investigate the differences in mechanical properties after reperfusion, 

the measurement of liver stiffness was performed in explanted native livers (1) obtained from 

recipients prior to implantation and subjected to 1h of SCS and (2) livers grafts explanted 1h 

after LTx. For the measurement, the liver was placed on 3 layers of gauze, followed by placing 

the sensor of the device (HPE III Basic (Table S2) gently on the surface of the left lateral lobe. 

Measuring parameters including measuring method (Shore 000), measuring distance (2.5mm) 

and display range (0-100). The measuring value of the device is unit free. According to the 

suggestion of the manufacturer, a lobe must have a flat face with a diameter of more than 3.5 

cm. The measurement was repeated 3 times, selecting different regions of interest in the same 

left lateral lobe. 

4.7 Statistical Analysis 

    All data are expressed as mean ± SD (standard deviation) and analyzed using GraphPad 

Prism 9.5 software (Table S3). Normal distribution was determined first. Differences between 

the two groups were analyzed using a two-tailed Student's t-test. For more than two groups, 

differences were analyzed using one-way ANOVA, followed by Tukey's post hoc test. The liver 

pressure measurements in NMP explements were analyzed by a general linear model for 

repeated measurements using SPSS Statistics 26.0 (Table S3), followed by LSD post hoc test 

when comparisons included more than two groups. The correlation analysis was evaluated 

using the Pearson Product Moment Correlation. The heat map was performed with Origin 

(Table S3). The statistically significant differences were expressed at *P < 0.05, **P < 0.01, 

***P < 0.001, and ns = not significant. The number of biological replicates (n) is specified in 

the results section and figure legends. The graphical representations of results were achieved 

using GraphPad Prism 9.5 software. 
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5 RESULTS 

5.1 Part I: NMP study 

5.1.1 Establishment of NMP model 

To establish the stable NMP model, we designed three steps (Figure 18). Firstly, three rat 

cadavers were used to get familiar with the NMP procedure, including the steps of cannulation, 

flushing, transaction IHVC, mobilization, transfer, and connection to the perfusion device. At 

this point, the whole procedure took about 70 ± 15 min. Secondly, we improved the flushing by 

modifying the flushing solution, flushing rate, flushing volume, heparin concentration, and the 

sequence of surgical steps. For this step, nine animals were used to improve surgical conditions. 

The additional training resulted in a reduction of the warm ischemia time to 50.1 ± 8.9 min. We 

observed that flushing the liver with 100 ml of Ringer-Lactate solution containing 500 IU of 

heparin at a flow rate of 10 ml/min rate can result in a relatively homogeneous appearance of 

the liver. Lastly, we used 4 animals for final optimization, we exchanged perfusion solution 

(from DMEM to William E without phenol red). We replaced the perfusion cannula (from an 

intravenous plastic catheter (26G) by a metal perfusion cannula with a basket at the tip), and 

prolonged the perfusion time (from 1, 2, 3 to 6 hours). The additional training allowed a further 

reduction of warm ischemia time to 37.5 ± 2.1 min (Figure 19). 

As a result, we flushed the liver with 100 ml of Ringer-Lactate solution containing 500 IU 

of heparin and using a flow rate of 10 ml/min and perfused the liver using complete William E 

medium without phenol red for the 6 hours normothermic oxygenated machine perfusion.  
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Figure 18. Illustration of the three steps for establishing NMP: getting familiar with the steps of the 

procedure, improving flushing, improving perfusion. Black font: starting condition, red font: final. IHVC: 

infrahepatic vena cava, suprahepatic vena cava, BD: bile duct 

 

Figure 19. Sequence of images illustrating the improvement of flushing and perfusion. (A-C) Modification 

of flushing medium. (D-F) Modification of flushing rate and volume, and surgical steps. (G-H) Modification of 

heparin concentration in flushing medium. (I) Modification of perfusion cannula. (J-L) Selection of perfusion 

medium. (M-P) Prolongation of perfusion time with 1h (M), 2 h (N), 3h (O), and 6h (P). 

5.1.2 Overall impact of NMP on liver damage and function  

Subjecting rat livers from donors after cardiac death to NMP using oxygenated cell culture 

medium (Williams E w/o phenol red) caused an injury to the liver. This injury was associated 

with an inevitable loss of function in terms of bile production over the 6h of perfusion. However, 

the injury developed gradually and was highly dependent on NMP conditions and donor 

properties, as shown in detail below.   

As described by others (Liu et al., 2021; Op den Dries et al., 2016), bile production per hour 

per gram liver (ml/h/gr liver) is considered be an easy-to-determine but very valuable indicator 

of hepatic function during machine perfusion. The highest volume of bile was consistently 
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observed in the first hour and decreased thereafter, indicating that the liver was viable 

throughout the perfusion but nevertheless did experience a loss of function under the given 

NMP conditions. This finding was paralleled by an increase in liver enzymes in the perfusate, 

indicating continuous hepatocyte injury. Hepatocyte injury occurred mainly in the pericentral 

region in the form of nuclear pyknosis and vacuolization resulting in a higher modified Suzuki 

score compared to the periportal region.  

In contrast, perfusion parameters such as perfusion pressure remained relatively stable 

throughout the 6h observation, indicative of the absence of major vascular obstruction. 

5.1.3 Impact of perfusion flow rate and medium change on the outcome of NMP 

5.1.3.1 Best prevention of liver damage and preservation of liver function by slight 

hyperperfusion of the liver 

To explore the optimal NMP condition, a total of 9 animals were subjected to the NMP. We 

examined the influence of different perfusion flow rates on the preservation of the liver graft. 

As shown in Figure 20, all livers were rather homogenously perfused with a stable PV pressure 

during 6 hours NMP, but with slight irregularities in the two groups subjected to a flow rate of 

1 or 2 ml/min/gr liver. However, when applying the higher flow rate, all livers from all 3 groups 

with a flow rate of 3ml/min/gr liver were perfectly perfused irrespective of the eventual medium 

change.   

When comparing total bile production in the 1ml/min, 2ml/min, and 3ml/min groups, the 

liver subjected to a flow rate of 3ml/min produced significantly more bile after the 6h NMP 

(97.1 ± 10.4 μL/g liver compared to 10.4 ± 3.1 in the 1ml/min group and 36.4 ± 8.6 μL/g liver 

in the 2ml/min group (p<0.05). An opposite trend occurred with perfusate enzymes: there was 

a two-fold increase in AST and a two-fold increase in ALT in the 2 ml/min group compared to 

the 3 ml/min group. However, the release of LDH did not differ in the 2 and 3ml/min groups 

but was substantially higher in the 1ml/min group (Figure 21A-D). Both results together 
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suggest that hepatic damage increased over time, whereas function decreased. The glucose 

levels remained relatively stable over time. 
  

Figure 20. Impact of NMP condition on liver function (n=3/group). (A) Homogenous perfusion in livers 

subjected to different perfusion conditions at 1h and 6h of NMP demonstrating. (B) Stable warm ischemia time in 

livers to different perfusion condition groups. (C) Stable PV pressure over time in the liver subjected to different 

perfusion conditions. (D) Total bile production and bile production per hour (E) in livers subjected to different 

perfusion conditions. Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 

0.05, ***P < 0.001, ****P < 0.0001 and ns = not significant. n, number of animals. 

 

Interestingly, blood gas analysis showed that none of the different flow rates affected acid-

base homeostasis. As shown in Figure 21E-H, the levels of HCO3-, K+, PO2, and pH in the 

1ml/min, 2ml/min, and 3ml/min groups remained relatively stable throughout 6h of perfusion. 

However, the HCO3- and K + levels in the 3ml/min group were 12.9 ± 0.8 mmol/L and 7.6 

± 0.2 mmol/L, respectively, which were lower than those in the 2ml/min group, also suggesting 

better preservation when applying the higher flow rate. The pH was stable but slightly acidic 

throughout the 6h of perfusion and did not differ when applying different perfusion rates 

(1ml/min, 2ml/min, and 3ml/min groups 6.93 ± 0.1 vs. 6.98 ± 0.1 vs. 7.02 ± 0.1).  
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Figure 21. Enzyme release and acid-base homeostasis in livers subjected to different perfusion conditions 

(n=3/group). The lower release of liver enzymes and stable acid-base homeostasis when using a flowrate of 

3ml/min/g liver and one partial exchange of medium. (A-D) The levels of ALT, AST, LDH, and glucose over 

NMP time (n=3). (E-H) The levels of PH, HCO3-, K+, and PO2 over NMP time (n=3). Data expressed as mean ± 

SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 0.05 and ns = not significant. n, number of animals 

in each group.  

 

    Upon histological analysis, we observed bacterial contamination in 5/9 livers in the samples 

obtained after 6h of NMP. We saw a few larger vessels and some sinusoids obstructed with 

bacterial clots. This additional finding did not interfere with other observations. 

    Liver morphology analysis revealed a typical damage pattern with signs of pressure related 

mild damage in the periportal area and signs of severe ischemic damage in the pericentral area 
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and a more viable appearing midzone. In the periportal area, we observed mainly vacuolization 

indicative a pressure related damage. In contrast, in the pericentral region we observed more 

severe damage in terms of vacuolization, pyknosis as well as hepatocytes detachment indicative 

of ischemic damage   

When comparing the impact of the different perfusion conditions, we observed a similar 

impact of the flow rate as described for the enzyme release. Perfusion with 3ml/min/g liver 

resulted in less hepatic damage resulting in a lower modified Suzuki score compared to the 

other groups. As shown in Figure 22, the damage in the pericentral area was more severe than 

the periportal area. Interestingly, there was massive hepatic sinusoidal congestion in the 

periportal area in the 1 ml/min group. However, the pericentral damage in the 3ml/min group 

was milder than in the 1ml/min and 2ml/min groups.  

HMGB1 translocates from the nucleus to the cytoplasm in response to ischemia. As described 

in the method section, we separately quantified the relative area covered by positively stained 

hepatocyte nuclei in the periportal and pericentral regions. In images from HMGB1 stained 

normal livers, about 20% of the periportal and pericentral surfaces are covered by nuclear 

signals. Over the course of 6h of NMP, we observed no loss of HMGB1 nuclear signals in the 

periportal region. In contrast, in the pericentral region, the relative surface covered by positively 

staining hepatocyte nuclei decreased from about 20% to less than 10%. In other words, 

HMGB1-translocation occurred in more than 50% of the hepatocytes in the pericentral region. 

This finding is indicative of ischemic damage in the pericentral area, which increased over the 

course of 6h of NMP. 

The extent of this ischemic damage differed between the flow rate groups and was decreasing 

with the increase of the perfusion flow rate. Slightly hyperperfusing the liver (flow rate of 

3ml/min/gr liver) was associated with reduced ischemic damage as indicated by a larger relative 

area covered with positively staining hepatocyte nuclei. This observation suggests a flow rate 

dependent oxygenation gradient along the hepatic sinusoid with more efficient oxygen and 

nutrient supply in the periportal region compared to the pericentral region.  
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Figure 22.  Impact of perfusion flow rate on zonated hepatic morphological damage and HMGB1 

translocation (n=3/group). Best prevention of liver damage and preservation of liver function by slight 

overperfusion of the liver. (A) The results of H&E and HMGB1 staining in the periportal and pericentral area after 

6h NMP. Semiquantitative analysis of the hepatic injury using modified Suzuki score, Scale bar 50µm. (B) and 

HMGB1 translocation (C) in the periportal and pericentral area over the course of 6h NMP. Data expressed as 

mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 0.05, ***P < 0.001, and ns = not significant. 

a, there is a significant difference compared to the pericentral area (P < 0.05).   
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5.1.3.2 Best prevention of liver damage and preservation of liver function by medium 

change after 3h 

After the identification of slight overperfusion as the optimal flow rate, we attempted to 

further improve the preservation of the liver by discarding the waste products from the perfusate. 

For this purpose, we exchanged half of the medium once or twice in the course of the 6h 

perfusion. We observed that exchanging half of the perfusate after 3h of perfusion was 

associated with significantly less damage, as indicated by the enzyme release, better preserved 

hepatic morphology and better function, as indicated by the higher bile production per hour. As 

shown in Figure 20, compared to the 3ml/min group without medium change, we observed a 

higher mean bile production of 155.1 ± 14.9 μL/g liver and 156.1 ± 20.1 μL/g liver, respectively 

in one-time and twice medium change. However, we did not observe a significant difference 

when changing the medium twice at 2h and 4 h compared to a single change after 3h.  

Upon histological analysis, we also observed bacterial contamination in 1/6 livers in samples 

obtained after 6h of NMP.  As stated above, this additional finding did not interfere with other 

observations. The additional medium change did not change the histological observation 

principally but gradually (Figure 23). Perfusion with 3ml/min+MC was associated with a 

better-preserved morphology, as indicated by the lower modified Suzuki score compared to the 

group without medium change. However, hepatic morphological damage aggravated in both 

periportal and pericentral areas over the time as expected. 

Quantification of HMGB1 translocation confirmed that refreshing the medium was 

associated with less ischemic damage (Figure 24). Translocation was less pronounced in the 

pericentral region of livers subjected to a flow rate of 3ml/min/gr liver and one medium change, 

compared to the livers subjected to 3ml/min/gr liver without partial medium replacement. Based 

on the above results, we considered the 3ml/min+MC as the optimal NMP condition for 

exploring the impact of donor properties on NMP.  
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Figure 23. Impact of medium change on zonated hepatic morphological damage (n=3/group). Best prevention 

of liver damage and preservation of liver function by partial exchange of medium after 3h. (A) HE staining in the 

periportal and pericentral area over NMP time. Quantitative analysis of the hepatic injury using modified SUZUKI 

score in the periportal (B) and pericentral area (C) over NMP time. Data expressed as mean ± SD, one-way 

ANOVA followed by Tukey's post-hoc test. *P < 0.05, ***P < 0.001, and ns = not significant. a, there is a 

significant difference compared to 2h (P < 0.05). b, there is a significant difference compared to 4h (P < 0.05). n, 

number of animals in each group.  

 

 

 

 

50µm 50µm 50µm 

50µm 50µm 50µm 

50µm 50µm 50µm 

50µm 50µm 50µm 



42 
 

A 3ml/min 3ml/min+MC 3ml/min+2MC 
2
h

    

   

4
h

 

   

   

6
h

    

   
 

 
B C 

  
 

Figure 24. Impact of medium change on zonated HMGB1 translocation (n=3/group). Less HMGB1 

translocation by partial exchange of medium after 3h. (A) HMGB1 staining in the periportal and pericentral area 

over NMP time. Quantitative analysis of the HMGB1 translocation in the periportal (B) and pericentral area (C) 

over NMP time. Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 0.05, 
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**P < 0.01, and ns = not significant. a, there is a significant difference compared to 2h (P < 0.05). a, there is a 

significant difference compared to 2h (P < 0.05). n, number of animals in each group.  

5.1.4 Impact of donor properties on the outcome of NMP 

A total of 23 rats were subjected to NMP to explore the donor properties on the outcome of 

NMP. We found that gender, age, and WIT are factors potentially influencing the outcome of 

NMP of livers from DCD. Female livers obtained from DCD and subjected to 30min of WIT 

had a similar outcome than male livers subjected to 20min of WIT. In contrast, male livers from 

senescent donors exhibited substantially more damage than young male livers. 

5.1.4.1 Impact of donor properties on bile production and liver stiffness 

All livers were homogenously perfused in the control, female, sWIT, and old group, as shown 

in Figure 25A for the 1st and the 6th hour of NMP. As expected, we did not observe a 

significant difference in WIT between the control group (31.5 ± 0.9 min), female group 

(32.7 ± 3.1 min), and old group (31.3 ± 1.1 min), This finding demonstrates that, indeed, the 

experiments were conducted under similar conditions. In contrast, the warm ischemia time in 

the sWIT group was significantly shorter, with 20.2 ± 3.5 minutes (Figure 25B), as we had 

planned.  

As expected, the stiffness of the livers from the male, female, 20min and 30min ischemia 

groups was similar. In contrast, the stiffness of the old livers was higher due to the expected 

age-related fibrotic changes (Figure 25C).  

Control livers produced about 121.9 ± 16.4 μL bile/gr liver in 6 hours with a maximum of 

34.4 ± 4.1 μL in the first hour. In comparison, the female and sWIT livers produced about 

162.8 ± 11.5 µL bile/gr liver and 149.2 ± 14.4 µL/gr liver, respectively, in 6 hours. However, 

the old male livers produced significantly less bile, reaching only 35.2 ± 4.8 μL/gr liver which 

is less than 25% of the volume produced by young female livers (Figure 25D-E). 
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Figure 25. Bile production and liver stiffness in respect to donor properties. Higher bile production in female 

and short WIT, but lower in old age. (A) The appearance of livers in different donor properties groups at 1h and 

6h NMP. (B) The warm ischemia time in different donor properties groups. (C) The liver stiffness after 6h NMP 

in different donor properties groups. (D) Total Bile production and bile production per hour (E) in different donor 

properties groups. Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *: Old vs 

Control P<0.05. #: Female vs Control P<0.05, δ: sWIT vs Control P< 0.05. *P < 0.05, **P < 0.01, ***P < 0.001, 

and ns = not significant.  

5.1.4.2 Impact of donor properties on liver enzymes and acid-base homeostasis 

Liver damage, as indicated by the release of ALT, AST, and LDH (Figure 26A-D) in the 

perfusate, increased with the duration of NMP reaching maximal levels of 299.1 ± 37.6 U/L, 

477.3 ± 117.5 U/L, and 1517.7 ± 755.2 U/L respectively at 6h. Compared to the control, the 

livers of the female and sWIT groups released less enzymes, indicating less damage to the liver. 

However, the release of liver enzymes in the old group was twice as high as that of the control 

group. In contrast, the glucose levels in all groups were relatively stable during NMP.  

The perfusate blood gas analysis (Figure 26E-G) indicated that female gender and sWIT had 

no impact on acid-base homeostasis. In contrast, old age was associated with pronounced 

acidosis with significantly lower pH and HCO3 (pH = 6.78 ± 0.1, HCO3 = 8.3 ± 1.3 mmol/L). 

In addition, oxygen consumption as an indicator of hepatocytes functional active was used to 

detect the oxygen-carrying capacity of hepatocytes (Figure 26H). We found that oxygen 

consumption decreased during NMP in all groups, a finding compatible with the observed 
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decreasing bile production indicative of decreased function corresponding to the duration of 

NMP. Compared to the control liver, oxygen consumption of the old liver was lower but higher 

in the female and sWIT livers, in line with the other findings. 

 

Figure 26. Impact of donor properties on liver enzymes release and acid-base homeostasis. Lower release of 

liver enzymes and stable acid-base homeostasis in female and short WIT, but the higher release of liver enzymes 

with pronounced acidosis in male old age group. (A-D) The levels of ALT, AST, LDH, and glucose over NMP 

time. (E-H) The levels of PH, HCO3-, K+, and PO2 over NMP time. Data expressed as mean ± SD, one-way 

ANOVA followed by Tukey's post-hoc test. *: Old vs Control P<0.05. #: Female vs Control P<0.05, δ: sWIT vs 

Control P< 0.05, and ns = not significant.  
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5.1.4.3 Impact of donor properties on liver morphology 

In six of twenty three we also observed contamination after 6 hours of NMP, as confirmed 

by morphology. 

To investigate the impact of donor properties on hepatocyte damage, liver morphology and 

HMGB1 translocation we analyzed the images from the respective stainings. As described 

before and shown in Figure 27, hepatocyte damage occurred mainly in the pericentral region 

in the form of nuclear pyknosis and vacuolization, resulting in a higher modified Suzuki score 

compared to the periportal region. As expected, the severity of damage was related to the 

duration of perfusion, meaning that hepatocyte injury worsened with the duration of NMP. 

Compared to the control, the female and sWIT livers showed less pericentral injury, reaching a 

score of 5.7 ± 0.7 and 6.1 ± 0.8, whereas old livers showed substantially more signs of damage, 

reaching a score of 6.2 ± 1.4 and 12.1 ± 1.9 in periportal and pericentral areas, respectively.   
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Figure 27. Impact of donor condition on morphological damage. (A) HE staining of the livers subjected to 6h 

NMP based on the donor properties. Quantitative analysis of the liver injury using modified SUZUKI score 

between control and the female in the periportal (B) and pericentral area (C) over NMP time. Quantitative analysis 

of the liver injury using modified SUZUKI score between control and sWIT in the periportal (D) and pericentral 

area (E) over NMP time. Quantitative analysis of the liver injury using modified SUZUKI score between control 

and old in the periportal (F) and pericentral area (G) over NMP time. Data expressed as mean ± SD, one-way 

ANOVA followed by Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ns = not significant. a, there 

is a significant difference compared to the control (P < 0.05). 

 

The HMGB1 translocation results supported this finding (Figure 28). The extent of 

pericentral translocation was more pronounced when the organs were subjected to 30 min WIT 

compared to 20 min and also more pronounced in old versus young livers. In other words, 
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HMGB1 translocation in the pericentral region followed the same pattern: lower in female and 

sWIT livers but higher in old livers with prolonged NMP and moderate in control livers. In 

contrast and as described above, the duration of NMP did not affect HMGB1 translocation in 

the periportal region.  
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Figure 28. Impact of donor condition on HMGB1 translocation. Less HMGB1 translocation over NMP time 

in female gender and sWIT, but more in old age group. (A) HMGB1 staining of the livers subjected to 6h NMP 

based on the donor properties. Quantitative analysis of the HMGB1 translocation between control and female in 

the periportal (B) and pericentral area (C) over NMP time. Quantitative analysis of the HMGB1 translocation score 

between control and sWIT in the periportal (D) and pericentral area (E) over NMP time. Quantitative analysis of 

the HMGB1 translocation between control and old in the periportal (F) and pericentral area (G) over NMP time. 

Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. ***P < 0.001, and ns = not 

significant. a, there is a significant difference compared to the control (P < 0.05). 

In addition, CYP1A2, used as an indirect marker of liver metabolism function was assessed 

at 2h, 4h, and 6h during NMP. As shown in Figure 29, we observed the expected zonated 

pericentral expression pattern of CYP1A2. However, the relative surface covered with the 

CYP1A2 signal decreased throughout the course of NMP. Compared to the control, the 

CYP1A2 expression in female was expressed more widely, corresponding to better liver 

function in terms of the bile production. In contrast, the relative extent of CYP1A2 expression 
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in terms of the area fraction in the old livers was significantly lower compared to all other 

groups, suggesting an impaired function as already observed for the relative bile production. 
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Figure 29. Impact of donor condition on CYP1A2 expression. Higher CYP1A2 expression during NMP in 

female gender and short WIT, but lower in old age. (A) CYP1A2 staining of the livers subjected to 6h NMP based 

on the donor properties. Quantitative analysis of the CYP1A2 expression in different donor properties groups. 

Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P 

< 0.001, and ns = not significant. a, there is a significant difference compared to the control (P < 0.05). 
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5.1.4.4 Impact of donor properties on liver microcirculation 

Portal vein pressure and wedge hepatic vein pressure were constantly monitored as indirect 

indicators of intrahepatic resistance and liver sinusoidal pressure, as shown in Figure 30, 

respectively.  

During NMP, PVP was relatively stable throughout the course of perfusion and in similar 

ranges (PV pressure: 4-10 mmHg). In parallel, the intrahepatic resistance and WHVP of the 

control group were also relatively stable, reaching 2.5 ± 0.7 mmHg/min/gr liver and 4.3 ± 0.5 

mmHg at 6h NMP. However, intrahepatic resistance and WHVP pressures of the old liver were 

significantly higher compared to the other group and increased with the duration of perfusion 

(intrahepatic resistance: 4.5 ± 0.8 mmHg/min/gr liver; WHVP: 6.1 ± 0.2 mmHg after 6h NMP). 

In addition, we used the O2C device for real-time monitoring of capillary-venous oxygen 

saturation, hemoglobin level, and microvessel perfusion flow. Normal values as determined in 

donor liver prior to explantation are in the range of 49 ± 4.3 %, 33.8 ± 1.6 AU, and 208.7 ± 11.9 

see also chapter 5.2.6. We observed that the tissue oxygen saturation decreased with the 

duration of NMP, from 64.3+3.3 % reaching 50.8 ± 3.4 % after 6h NMP in control group. In 

comparison, the relative hemoglobin amount level and relative blood flow of microvessels 

perfusion were relatively stable, as expected, reaching 13.3+2.1AU and 29.2+1.5 AU, 

respectively. Furthermore, donor age significantly impacted the oxygen saturation during NMP. 

As compared to the control, the SO2 in the old reached 38 ± 3 % after 6h NMP, indicating the 

damage of the oxygen-uptake capacity of hepatocytes. However, oxygen saturation in the sWIT 

and female group was relatively stable after 6h NMP, reaching 54.5+6.13 % and 54.2+6.8 %, 

respectively. 
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Figure 30. Impact of donor properties on hepatic perfusion. Higher intrahepatic resistance, portal pressure, and 

wedge pressure in old age, but lower oxygen saturation over NMP time. (A) Observation time point for monitoring 

liver hemodynamics and hepatic perfusion. Intrahepatic resistance (B) and WHVP (C) according to donor 

properties during the course of NMP. SO2 (F), HB (G), and Flow (H) according to donor properties during the 

course of NMP. Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 0.05, 

**P < 0.01, ***P < 0.001, and ns = not significant. # and δ, there is a significant difference compared to the control.  

5.1.5 Impact of age on autophagy in livers subjected to NMP  

To assess age dependent differences in autophagy, we checked the protein levels of 2 widely 

used autophagy namely LC3b-II and p62 via western blot in normal young and old livers. As 

shown in Figure 31, we observed that the expression of p62 was lower whereas the expression 

of LC3b-II was higher in aged livers, indicating that autophagy was impaired in the aged livers. 



53 
 

Furthermore, the levels of both autophagy markers were detected in livers subjected to 6h NMP. 

Similarly, we observed that the expression of p62 was even lower in aged livers subjected to 

6h of NMP, whereas the expression of LC3b-II was higher in aged livers. In both groups, this 

effect was even more pronounced in aged livers.   

   

Figure 31. Impact of age on autophagy markers. (A) The western blot and quantitative analysis of expression 

of p62 protein (B) and LC3b-II protein (C) in normal and NMP livers (n = 3). Data expressed as mean ± SD, one-

way ANOVA followed by Tukey's post-hoc test. **P < 0.01, ***P < 0.001, and ns = not significant. 

 

Furthermore, to explore the role of autophagy in ischemia-reperfusion injury during NMP, 

the expression of P62 and LC3b-II were detected at 2h, 4h, and 6h NMP in both age and young 

groups (Figure 32). The results showed that the expression of P62 decreased over time, whereas 

the expression of LC3b-II increased in parallel with the perfusion time. Again, this eccentric 

was more pronounced in aged livers, suggesting an NMP-related augmentation of the age-

related impairment of autophagy. 
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Figure 32. Impact of age on expression of autophagy markers in livers subjected to NMP. (A) Western blot 

and quantitative analysis of expression of p62 protein (B) and LC3b-II protein (C) in NMP livers. Data expressed 

as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. ***P < 0.001 and ns = not significant. a: 

compared to control, there is significantly difference. 

5.2 Part II: LTx study 

5.2.1 Establishment of rat LTx  

In Step I, to establish rat liver transplantation, the training was divided into 6 phases (Table 

3). Phase A: handling exercise, Phase B1: cadaver vessel anastomosis, Phase B2: whole cadaver 

LTx anastomosis training, Phase C1: living animal technique training (n=27), Phase C2: 24h 

survival training (n=12), Phase C3: planned short term observation (n=14) and Phase C4: 

evaluation of optimized flushing conditions (n=3). 
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Table 3. The overview for establishment of the rat LTx model 

Step I Purpose  Number Result 

Handling exercises (Phase A)  

Phase A handling exercise -  

Cadaver training (Phase B, n=18)  

Phase B1 cadaver vessel anastomosis 11  

Phase B2 whole cadaver LTx anastomosis training 7  

Living animal training (Phase C, n= 44)  

Phase C1 technique training 15   

Phase C2 24h survival training  

(flow rate controlled flushing 10ml/min/animal 

with 100ml saline using pump) 

12  6 surviving rats with homogenous 

reperfusion used for comparison with 

formal study 

Phase C3 Planned short term observation 

(volume controlled flushing with 100ml saline 

using 80cm water column =>causing 

reperfusion problems) 

14  6 intraoperative death, 4 sacrificed at 

1h with 4 heterogenous reperfusion, 4 

homogenous reperfusion (no HD) 

Phase C4 Evaluation of optimized flushing conditions  

(pressure controlled flushing with 0.2ml Ringer 

lactate per body weight using 20cm water 

column) 

3  homogenous reperfusion (but no HD) 

HD: hemodynamic monitoring 

 

First, Phase A was designed to practice suturing gauze and anastomosis on silicone tubes to 

improve handling of microsurgery instruments and to train the steps of vessel anastomosis.  

Second, Phase B1 was designed to train suturing cadaver vessels (IHVC) to get used to the 

tissue properties of actual vessels (see Table 4). We recorded the time of suturing the back and 

front walls of the vessels, total anastomosis time, and success rate. Successful IHVC 

anastomosis was defined as no leakage and no stenosis. A total of 11 cases of IHVC 

anastomosis were performed. The total time was 9.9 ± 1.6 min. The success rate of suturing was 

63.6% (7/11) with errors occurring during the first exercises.  
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Table 4. Vessel anastomosis practice in cadaver 
Replicate 

case 

Back wall time Front wall time Total time Results 

Rep#1 8min 6min 14min Stenosis 

Rep#2 7min 4min 11min Leakage from left corner 

Rep#3 6min 4min 10min Stenosis 

Rep#4 4min 4min 8min Leakage from left corner 

Rep#5 4min 4min 8min No leakage or stenosis 

Rep#6 5min 4min 9min No leakage or stenosis 

Rep#7 5min 4min 9min No leakage or stenosis 

Rep#8 6min 4min 10min No leakage or stenosis 
Rep#9 6min 4min 10min No leakage or stenosis 

Rep#10 6min 4min 10min No leakage or stenosis 

Rep#11 5min 5min 10min No leakage or stenosis 

Summary 5.6 ± 1.2 4.2 ± 0.6 9.9 ± 1.6 7/11 

 

Third, Phase B2 was designed to practice the anastomosis of SHVC, PV, and BD in cadavers 

to handle all the anastomosis techniques needed for LTx (see Table 5). A total of 7 cases of 

SHVC, PV, and BD anastomosis were performed. The anastomosis times of SHVC, PV, and 

BD were 18.2 ± 3.1 min, 7.7 ± 1.7 min, and 6.8 ± 1.2 min, respectively. However, 2 of seven 

cases of SHVC anastomosis developed leakage, and in one case had stenosis occurred. In 2 out 

of cases PV anastomosis was twisted. None of complication occurred in BD anastomosis 

training.   

Table 5. SHVC, PV, and BD anastomosis practice in cadaver 
Replicate 

case 

Time (min) Results 

SHVC 

anastomosis 

PV 

anastomosis 

BD 

anastomosis 

Rep#1 25 10 8 Leakage of SHVC, twisting of PV  

Rep#2 20 10 9 Leakage of SHVC 

Rep#3 18 8 7 Stenosis of SHVC, twisting of PV  

Rep#4 17 8 6 No leakage or stenosis 

Rep#5 17 6 7 No leakage or stenosis 
Rep#6 15 7 5 No leakage or stenosis 

Rep#7 16 5 6 No leakage or stenosis 

Summary 18.2 ± 3.1 7.7 ± 1.7 6.8 ± 1.2 SHVC: 4/7; PV:5/7; BD:7/7 

SHVC, suprahepatic vena cava, PV, portal Vein, BD, bile duct 

 

Finally, in Phase C, the full-procedure rat LTx was practiced in living animals. As shown in 

Table 6, 27 pairs of living Wistar rats were used for training. Fifteen cases were used for 

technical training (Phase C1) and 12 for observing 24-hour survival (Phase C2). During the 

technical training, the animals were sacrificed immediately after completing the implantation 

procedure using an overdose of isoflurane. The goal was to reach a stable anhepatic time under 

25 minutes, as recommended prerequisite for survival (t Hart et al., 2004). In Phase C2, 

postoperative recovery was observed for the first 24h to determine the 24h survival rate.   
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Figure 33. Illustration of the phases needed for establishing rat LTx model. Phase A: practice suturing glove 

(A) and tube anastomosis (B). (C) Phase B1: cadaver vessel anastomosis. (D-E) Phase B2: cadaver Ltx training of 

SHVC, IHVC, PV, and BD anastomosis. (E-F) Phase C1: Living Ltx training of SHVC, IHVC, PV, and BD 

anastomosis. 

As shown in Table 6, the targeted anhepatic time was achieved in 7/15 procedures equivalent 

to a success rate of 47%. However, anhepatic time of below 25min was achieved for the last 4 

consecutive cases. In the following survival training, half of the animals (6/12) reached the end 

of the planned observation time of 24h. All animals did recover from anesthesia within a few 

minutes, but deteriorated between 4-12 h postoperatively due to delayed bleeding from 

suprahepatic cava, or due to severe IRI because of inhomogenous reperfusion.  

During the survival training, the liver was flushed with 100ml cold saline with 100IU heparin 

using a flow rate of 10ml/min. The time of each anastomosis was recorded to compare with the 

previous results achieved in phase B2. The anastomosis time in Phase C1 was shorter than in 

Phase C2 (see Table 6). Further improvement became visible when comparing the time for 

distinct surgical procedures in technical training and survival training. The analysis revealed 

that the time needed for the donor procedure (82.1 ± 6.2 min vs. 68.6 ± 4.3 min) was 

significantly shortened as well as the time needed for the recipient procedure (113 ± 12.5 min 

vs. 97.1 ± 5.5 min), the back table procedure (38.3 ± 3.7 min vs. 30 ± 2.2 min), and also the 

anhepatic time (26.5 ± 3.4 min vs. 23 ± 1.7 min). However, the anastomosis times of the SHVC, 
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PV, IHVC, and BD were not significantly different, but the time needed to position the liver 

was shortened from 8min to 5min.  

Table 6. The time of needed of each surgical step including the anastomosis in Phase B1, 

Phase C1, Phase C2 
Phase Nr of S/T Time (min) 

Donor Recipient Back table Anhepatic 

time 

SHVC PV IHVC BD 

Phase B2 SHVC:4/7; 

PV:5/7; 

BD:7/7 

NA NA NA NA 
18.2 ± 3.1 7.7 ± 1.7 

NA 
6.8 ± 1.2 

Phase C1 7/15 

 
82.1 ± 6.3 112 ± 12.5 38.4 ± 3.7 26.5 ± 3.4 13.5 ± 3* 5.9 ± 1.1* 7.2 ± 1.6 4.9 ± 1.6* 

Phase C2 6/12 
69 ± 4.3# 97 ± 5.5# 30 ± 2.2# 23 ± 1.7# 12 ± 2.3* 5 ± 0.8* 6 ± 1.8 5 ± 1.3* 

Nr of S/T: number of success/total animals, *: significant difference compared to phase B2, #:significant difference 

compared to Phase C1, NA: not applicable. 

 

    Additionally, to visualize the learning curve, we plotted the consecutive number of all 

procedures versus the anhepatic time, see Figure 34. It became visible, that after the first 10 

procedures in living animals, the targeted anhepatic time of less than 25 min was reached in 

16/17 cases.  

 
Figure 34. Learning curve for establishing stable rat LTx. After practicing 10 procedures, the anhepatic time 

became relatively stable ≤ 25 minutes. 

     

As shown in Figure 35, the remaining 6 rats were sacrificed at the end of the planned 24h 

observation in clinically good condition (postoperative score = 0). Nevertheless, we observed 

that 1 case presented with heterogenous reperfusion (Figure 35A-B) requiring exclusion from 

further analysis. The remaining 5 cases presented with homogenous reperfusion but with a small 

area of necrosis in the hepatoduodenal ligament around the bile duct stent with a maximal 

diameter of 5mm (Figure 35C). In 2 cases we observed in addition a small necrosis in the edge 
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of the left lateral lobe. Therefore, these animals were included in the subsequent comparison of 

early and late IRI. Blood and tissue samples of those 5 animals were subjected to clinical 

chemistry and histology assessment. Results are described in chapter 5.2.4 to 5.2.6. 

Figure 35. Illustration of six cases of LTx survival at 24h. (A) Heterogenous reperfusion around 30min 

reperfusion and the liver after 24h reperfusion (B). (C) small area of necrosis in the hepatoduodenal ligament 

around the bile duct stent with a maximal diameter of 5mm. (D-H) Included cases (n=5) for comparison study as 

24h group.   

5.2.1.1 Improvement of reperfusion quality in rat LTx  

Based on the relatively stable technique for the LTx model at Phase C1 to Phase C2 

(anhepatic phase: 23 ± 1.7 min), we continued to perform 14 cases to evaluate hepatic 

microcirculation in the planned short term observation in Phase C3. During this phase, the 

anhepatic phase was 24.4+2.1 min (Table 7). However, 6 of the rats died intraoperatively due 

to technical complications such as air embolism (n=3) bleeding from hepatic artery (n=1) and 

bleeding of SHVC anastomosis (n=2). In addition, in the last four cases we observed a rather 

heterogenous reperfusion in the early postoperative phase (see Figure 36A-B). During this 

phase, we performed gravity controlled (80cm water column) flushing of the donor livers with 

a fixed volume of 100ml saline.  

Table 7. The time of each procedure and anastomosis in Phase C3 and Phase C4 

Group Time (min) 

Back 

table  

Anhepatic 

time 

SHVC PV  IHVC  CBD  Donor Recipient 

 

Phase C3 28±2.1 24±3.3 14±2.9 5±0.4 7±0.8 6±1.9 66.2±5.2 96.3±5.4 

Phase C4 25±1.3 24.4±1.4 14±0.8 5±0.5 7±0.7 6.4±0.8 72.4±2.5 94.3±3.3 

SHVC: superior hepatic vena cava anastomosis; PV: portal vein anastomosis; IHVC: Inferior hepatic vena cava; 

CBD: common bile duct anastomosis.  
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Therefore, we went back to training (phase C4, n=3) to improve reperfusion quality. We 

reinstalled pressure controlled flushing with 0.2ml Ringer lactate per gr body weight using 

20cm water column. After that, three consecutive cases of reperfusion were homogenous 

(Figure 36C-D), and none of the animals died intraoperatively. The anhepatic time was 

24.4+1.4 min. 

 

A B 

  
C D 

 
 

Figure 36. Illustration of improvement of reperfusion quality for rat LTx model. (A-B) Heterogenous 

reperfusion after flushing the liver with 100ml cold saline supplemented with 1IU/ml heparin at 80cm water 

column after reperfusion 15min (A) and 1h (B). Homogenous reperfusion after flushing the liver with 0.2ml/gr 

body weight of cold ringer lactate with 1 IU/gr body weight of heparin using a pressure of 20cm water column 

after reperfusion 15min (C) and 1h (D).  

5.2.2 Characterisation of early hepatic IRI 

A total of 6 cases of LTx were included in Step II to explore the early liver IRI and liver 

microcirculation. As shown in Figure 37, all transplantation procedures were performed 

smoothly and without obvious technical errors. No obvious torsion or stenosis was found in any 

of the anastomoses. Reperfusion became completely homogenous within 15 minutes and 

remained homogenous throughout the first hour as assessed visually.  
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Figure 37. Stepwise illustration of LTx procedures. A: Donor graft after flushing; B: SHVC anastomosis; C: 

PV (blue arrow) and CBD (yellow arrow) anastomosis; D: IHVC anastomosis; E: Reperfusion 15min; F: 

Reperfusion 1h. 

 

As shown in Table 8, the times of donor and recipient procedures were 64.5 ± 5.6 min and 

91.9 ± 4.4 min, respectively. The anhepatic time was 23.4 ± 1.2 min. There was no significant 

difference in anhepatic time between the LTx 1h and the LTx 24h group (23 ± 1.4 min vs 

23.4 ± 1.1 min, p=0.412). Similarly, the time needed for other anastomoses were relatively 

stable.  

 

Table 8. The time of each procedure of LTx for comparison study 

Group Time (min) 

Back 

table  

Anhepatic 

time 

SHVC PV  IHVC  CBD  Donor Recipient 

 

Total (n=11) 28.7±2.7 23.4±1.1 11.7±1.7 5.1±0.7 5.4±0.9 4.4±1.2 64.5±5.6 91.9±4.4 

LTx 24h (n=5) 30.6±1.1 23±1.4 11.2±2.1 5±0.9 5.2±1 5±1.4 69.4±4.1 93.2±4.5 

LTx 1h (n=6) 28.7±2.7 23.4±1.1 11.7±1.7 5.1±0.7 5.4±0.9 4.4±1.2 64.5±5.6 91.9±4.4 

SHVC: superior hepatic vena cava anastomosis; PV: portal vein anastomosis; IHVC: Inferior hepatic vena cava; 

CBD: common bile duct anastomosis.  

5.2.2.1 Impact of IRI on hepatic hemodynamic, perfusion and microcirculation 

Assessment of the perfusion situation of the liver was done in 4 steps. As a first step, we 

determined  PVP (expressed in mmHg)  and PVF (expressed as ml/min). In the second step, we 

performed spectrophotometric determination of tissue oxygenation (SO2, expressed in %)), 

tissue hemoglobin (rHB, expressed in arbitrary units), and the volume flow (Flow, expressed 
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in arbitrary units. In the third step, microcirculation was visualized using CytoCam. After 

sacrificing the animal, liver stiffness was measured ex vivo. 

The PVP and PVF were measured before and after reperfusion to monitor the hepatic 

hemodynamic changes induced by early IRI. As shown in Figure 38, the PVF decreased from 

17.5 ± 4.8 to 12.8 ± 0.8 ml/min after 1 hour of transplantation. The PVP had a similar trend, 

decreasing from 13.7 ± 2.1 mmHg to 7.5 ± 0.8 mmHg, possibly reflecting partial recovery from 

the severe cardiovascular depression during the anhepatic phase. 

In addition, the spectrometric device (O2C) allows for quantifying non-invasively tissue 

perfusion. This sensor was applied intraoperatively on the left lateral liver lobe to assess hepatic 

perfusion and microcirculatory alterations early after LTx. Therefore, we monitored the 

alteration of hepatic microcirculation before and post-transplant using O2C for real-time and 

visual evaluation of early IRI in transplantation. As shown in Figure 38, the level of capillary-

venous oxygen saturation decreased from 49 ± 4.3 % to 33.4 ± 7.4 % after 1 hour of 

transplantation, again possibly reflecting partial recovery from cardiovascular depression 

during the anhepatic phase. In parallel, relative tissue hemoglobin concentration was increased 

from 33.8 ± 1.6 AU to 46 ± 11.1 AU, possibly related to a putative loss of volume. As shown in 

Figure 38, the microvessel perfusion flow of the liver significantly decreased to half of the 

value observed before transplantation, corresponding to a similar decrease in PVF.  
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Figure 38. Impact of reperfusion on hepatic hemodynamics. Reduction in liver reperfusion 1 hour after 

reperfusion. (A) Time point of monitoring liver hemodynamics and liver microcirculation. (B-D) PVF and PVP 

before and 1h after LTx. (D) SO2, rHb, and Flow before and 1h after LTx. (E) Liver stiffness before and after 1h 

LTx. Data expressed as mean ± SD, one-way ANOVA followed by Tukey's post-hoc test. *P < 0.05, **P < 0.01, 

***P < 0.001, and ns = not significant.  

 

The introduction of handheld microscopes provides a non-invasive modality for the direct 

assessment and visualization of the hepatic sinusoidal angioarchitecture. The technique allows 
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visualization of microcirculation based on the flow of red blood cells vessels and sinusoids of 

the liver.  

Therefore, we monitored the hepatic microcirculation using the CytoCam device to quantify 

the perfused hepatic microvessels before and after reperfusion. The software allows for separate 

analysis of capillaries and larger non-capillary vessels. The capillaries and non-capillary vessels 

are defined by a diameter from 6 to 15.99 μm and from 16 to 47.99 μm, respectively.  

As a first step of the automated analysis, the static parameters, such as the number of capillary 

segments, the total capillary length, the average capillary length, and the overall capillary 

density, were determined. As expected, IRI did not affect any of the parameters.   Before and 

after reperfusion, a total number of 1104.2 ± 467, respectively, 1077.7 ± 475.9 capillary 

segments were determined. IRI did also not affect total capillary length. Before and after 

reperfusion, the total capillary length was measured as 31.1 ± 12.6 mm, respectively 29.1 ± 12.7 

mm. The average capillary length was 28.7 ± 4.1 μm and 27.1 ± 3.7 μm in normal and 1 hour 

post-transplant. The overall capillary density was 17.8 7.23 mm/mm2 before transplantation 

and 16.6 7.3 mm/mm2 after transplantation. 

In the second step of the analysis, the dynamic parameters affected by IRI, such as the 

perfused capillary density and proportion of capillary density, were assessed (Figure 39). As 

expected, the perfused capillary density significantly decreased 1 hour after LTx, from 2.8 ± 2.4 

mm/mm2 to 0.91 ± 0.5 mm/mm2, reflecting the reduction of convective and diffusive 

properties of the visualized microcirculatory bed. The proportion of perfused capillaries had the 

same trend, decreasing from 16.5 ± 10.8 % to 6.3 ± 3.9 %. This finding corresponded to the 

reduction of PVP and PVF, but also to the reduced tissue oxygenation and reduced flow, all 

together reflecting the incomplete recovery from cardiovascular depression during early IRI. 

After liver explantation, we measured the stiffness of the ex-vivo to determine the potential 

mechanical effect of reperfusion on the organ. However, the liver stiffness expressed in 

arbitrary units did not change after transplantation. (42.7 ± 2.1 and 41.1 ± 1.2, respectively, 

Figure 38). 
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Figure 39. Impact of early perfusion injury on hepatic microcirculation. Reduction in liver reperfusion 1 hour 

after reperfusion. (A) Images of the microvessels before and 1h after LTx. The blue color is fitted microvessels. 

The capillary density (B) and proportion of perfused capillaries before and 1h after LTx. Data expressed as mean 

± SD, one-way ANOVA followed by Tukey's post-hoc test. **P < 0.01, ***P < 0.001, and ns = not significant. 

PCD, perfused capillary density; TCD, total capillary density. The blue lines indicate the vessels smaller than 16 

μm and represent the TCD within the entire image. 

 

5.2.2.2 Impact of IRI on liver damage in terms of liver enzymes and blood count 

To evaluate the severity of early IRI, the release of liver enzymes was determined in liver 

donors prior to explantation and in liver graft recipients 1 hour and 24 hours after LTx. As 

shown in Figure 40, IRI caused an immediate strong release of liver enzymes within 1h of 

reperfusion, which recovered partially within 24h. As an example, normal ALT levels range 

between 10 and 50 IU/L; immediately after LTx the levels increased to 1827.2 ± 744.9 IU/L 



66 
 

but recovered within 24 h to a level of 662.8 ± 407.5 IU/L. The levels of AST, and LDH at 1 

hour LTx with 1684.1 ± 791.6 IU/L and 4708.6 ± 1909.2 IU/L, respectively, and decreased to 

1497.4 ± 583.9 IU/L, and 1891.8 ± 694.8 IU/L at 24 hours LTx.  

 
 

 

Figure 40. Impact of transplant on liver function. Substantial enzyme release after reperfusion. The levels of 

ALT (A), AST (B), and LDH (C before LTx and after LTx. Data expressed as mean ± SD, one-way ANOVA 

followed by Tukey's post-hoc test. **P < 0.01, ***P < 0.001, and ns = not significant. 

 

We investigated the alteration of blood count before and after early LTx. As shown in Figure 

41, the levels of WBC and PLT significantly increased to 11.9 ± 4.6 103/mm3 and 1163 ± 413 

109/L, respectively, after 1 hour of reperfusion. In addition, the levels of RBC, HGB, and HCT 

increased after reperfusion, possibly due to intraoperative loss of volume resulting in slight 

hemoconcentration. As expected, the levels of MCH, MCHC, and MCV were relatively stable 

after transplantation (data not shown). 

   
Figure 41. The blood count after early LTx. Increasing of WBC and PLT early after LTx. The levels of WBC 

(A), PLT (B), RBC (C), HGB (D), and HCT (D) before LTx and after LTx 1h. Data expressed as mean ± SD, one-

way ANOVA followed by Tu’ey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ns = not significant. 
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5.2.2.3 Impact of IRI on liver morphology  

Moreover, we assessed hepatic morphological changes over the course of early reperfusion. 

As expected, within the first hour of reperfusion we could only detect minor changes. As shown 

in Figure 42, the predominant finding was vacuolization of hepatocytes and was predominantly 

located in the pericentral area resulting in a Suzuki score of 0.61 ± 0.69. With time, the pattern 

of morphological damage changed. As a key finding, we observed some pericentral confluent 

necrosis (mild necrosis) affecting between 5% and 20% of the parenchymal tissue within a 

section, resulting in a Suzuki Score of about 2.8 ± 0.8. 

As described before, HMGB1 acts as an alarmin, an alarm protein signal that initiates the 

inflammatory response resulting from liver IRI and is considered a marker of ischemic damage. 

Therefore, the translocation of HMGB1 was used as additional parameter to evaluate the 

severity of hepatic IRI (Figure 42). In contrast to the results obtained in NMP, we did not 

observe substantial differences in HMGB1 translocation when comparing periportal and 

pericentral regions. However, translocation was more pronounced 24h after transplantation 

compared to 1h after LTx.  

 In addition, we used CYP1A2 expression as an indirect parameter of hepatic metabolic 

function. As shown in Figure 42, CYP1A2 enzymes were expressed in the pericentral region, 

as expected.  We observed a strong signal in the first 2–3 layers of hepatocytes surrounding the 

central vein and signals of moderate intensity in the remaining pericentral area of the lobule, 

representing about 30% of the total surface of the section. Extent of expression remained similar 

in the early phase after transplantation compared to normal but was reduced to about 20% 

within the first 24h after transplantation. This finding may suggest a transient reduced drug-

metabolizing function.  
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Figure 42. Morphological damage, HMGB1 translocation, and CYP1A2 expression early after LTx. (A) HE, 

HMGB1, and CYP1A2 staining. (B) Quantification of necrosis in percent of the surface early after LTx. (C) 

Quantification of morphological damage using Suzuki score. (D) Quantification of HMGB1 translocation after 

early LTx. (E) Quantification of CYP1A2 expression early after LTx. Data expressed as mean ± SD, one-way 

ANOVA followed by Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ns = not significant. a: 

compared to before LTx, there is a significant difference. b: compared to LTx 1h, there is a significant difference. 
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5.2.3 Correlation of hepatic microcirculation with alterations of liver function, liver 

damage, and blood count after reperfusion. 

To investigate the potential correlation between liver microcirculation and liver damage, 

liver function, and alteration of blood components after reperfusion, we determined the Pearson 

product-moment correlation coefficient.  

As shown in Figure 43, the levels of ALT and the proportion of perfused capillaries showed 

a significant inverse correlation (r=-0.76, P < 0.01), AST (r=-0.66, P < 0.05), and LDH (r=-

0.79, P < 0.01). In other words, the higher the proportion of perfused capillaries, the lower 

enzyme release was observed. 

A similar inverse correlation was found between the proportion of perfused capillaries and 

the number of WBC and platelets. The higher the PLT and WBC, the lower the proportion of 

perfused capillaries (r=-0.54, P < 0.05; r=-0.57, P < 0.05).  

These preliminary results revealed significant correlations between hepatic hemodynamics, 

perfusion and microcirculation and liver damage in early IRI. Further investigations are needed 

to better understand the impact of hepatic perfusion impairment on the severity of IRI in terms 

of liver enzymes. 

   

Figure 43. The correlation between liver microcirculation and liver damage and blood count.  
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6 DISCUSSION 

    In this thesis, we focussed on two complementary issues in IRI: the machine perfusion to 

reduce IRI of marginal livers and the assessment of hepatic microcirculation early after LTX 

correlates with the severity of hepatic IRI.  

    In the following chapters, we want to discuss the central aspects of our findings. 

6.1 Part I: NMP study 

    We successfully established a stable NMP model using a clinically relevant model of cardiac 

death. We confirmed that slight hyperperfusion is needed to compensate for the limited oxygen 

content when using an oxygenated, but oxygen-carrier-free medium as perfusate. We also 

determined the benefits of female donor gender and short WIT on organ preservation in contrast 

to the detrimental effect of high donor age. We confirmed that old age is associated with an 

impairment of autophagy, which is partially restored during NMP. 

6.1.1 Advantage of CO2 inhalation to induce cardiac death in liver graft donors 

There are two principal types of DCD: controlled and uncontrolled (Table 9) (Lazzeri et al., 

2020). Uncontrolled DCD refers to organ retrieval after a cardiac arrest that is unexpected and 

from which the patient cannot or should not be resuscitated (Maastricht I and II). In contrast, 

controlled DCD follows the planned withdrawal of life-sustaining treatments that have been 

considered to be of no overall benefit to a critically ill patient in the ICU or in the Emergency 

Department (Maastricht III and IV) (Limkemann et al., 2016). Unlike most of other strategies 

to induce cardiac death prior to organ procurement, we induced the DCD via CO2 inhalation. 

90% of previously published (Table 10) studies performed phrenotomy, sternotomy, external 

compression of the heart, or injection of potassium chloride. Here, most of the authors 

heparinized the living donor prior to inducing cardiac deaths, thereby facilitating complete 

flushing. 

Table 9. The category of DCD and the Maastricht classification. 

Category Type Circumstances Typical location 

Maastricht I Uncontrolled Dead on arrival Emergency Department 

Maastricht II Uncontrolled Unsuccessful resuscitation Emergency Department 

Maastricht III Controlled Cardiac arrest follows planned withdrawal of life-

sustaining treatments 

Intensive Care Unit 

Maastricht IV Either Cardiac arrest in a patient who is brain-dead Intensive Care Unit 

In our model of DCD, after assurance of complete cessation of both cardiac heart and 

respiratory movements as tested by palpation, the rat was subjected to warm ischemia in situ 

for around 30 minutes, equal to the time needed for explanting the organ. After flushing and 



71 
 

explanting the liver, the graft was connected to the NMP system. In other published studies (see 

Table 10), over 50% preferred systemic heparinization before induction of DCD to prevent 

heterogeneous flushing and perfusion caused by micro-thrombosis. However, it is difficult to 

perform systemic heparinization in uncontrolled DCD in a clinical setting. In comparison, our 

induction of DCD models is more strict and closer to the clinical reality of uncontrolled DCD 

without systemic heparinization before inducing DCD. 

Table 10. The literature work-up of ways to induce DCD for liver machine perfusion 

model 

Way to induce DCD WIT 
Systemic 

heparinization 
Reference 

CO2 inhalation 30min Yes (Bae et al., 2014) 

External compression 

of the heart (exogenous 

tamponade) until 

contractions ceased 

30min 

No (Westerkamp et al., 2015) 

Yes 

(Bruggenwirth et al., 2018; Niu et al., 2014; Op den 

Dries et al., 2016) 

Incision of the 

infrarenal aorta 
30min No 

(von Horn et al., 2017) 

Injection of potassium 

chloride 

20min No (von Horn & Minor, 2020; von Horn et al., 2022) 

45min Yes (Carnevale et al., 2013) 

Induction of hypoxia 

via phrenotomy and 

sternotomy  

30min 

No 

(Abraham et al., 2022; Bessems, Doorschodt, van 

Marle, et al., 2005; Cheng et al., 2021; He et al., 

2018; Luer et al., 2010; Minor et al., 2011; Minor et 

al., 2006; Saad & Minor, 2008; Schlegel et al., 2013; 

Schlegel et al., 2014; Schlegel et al., 2020; 

Stegemann et al., 2009; L. Yang et al., 2020; Zhou et 

al., 2022) 

Yes 

(Bessems et al., 2006; Bessems, Doorschodt, van 

Vliet, et al., 2005; Cao et al., 2021; Cao et al., 2020; 

Ferrigno et al., 2017; Ferrigno et al., 2011; Gassner 

et al., 2019; Lee et al., 2003; Liu et al., 2021; Sun et 

al., 2021; Wu et al., 1997; Xue et al., 2018; Zeng et 

al., 2017; Zeng, Li, et al., 2019; Zeng, Wang, et al., 

2019) 

45min 
No (Dutkowski et al., 2006) 

Yes (Tolboom et al., 2012) 

60min No 
(Lauschke et al., 2003; Oldani et al., 2019; 

Olschewski et al., 2010) 
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Yes 
(De Stefano et al., 2021; Jain et al., 2008; Tolboom 

et al., 2008; Uygun et al., 2010) 

6.1.2 Balancing oxygen supply and waste removal resulting in optimal perfusion 

condition 

Regarding the optimal balance of supply and waste removal in NMP, we raised two 

hypotheses. We postulated that slight hyperperfusion is needed to compensate for the limited 

oxygen supply when using oxygenated medium without oxygen carriers as perfusate. We also 

postulated that partial medium change improves graft integrity and function due to waste 

removal.   

6.1.2.1 Increased oxygen supply by slight hyperperfusion beneficial for organ 

preservation in oxygen-carriers-free NMP  

We established an ex-vivo rat liver NMP system using an oxygenated complete hepatocyte 

culture medium with 20% FCS. However, at this stage, we did not use artificial oxygen carriers 

or erythrocytes for the sake of system simplicity. We evaluated the flow rate as one important 

factor potentially affecting organ preservation.  

In contrast to previous studies, which chose 1 or 2ml/min/g liver weight as the perfusion flow 

rate due to closer to the physiological PV flow rate (see Table 11) (Liu et al., 2021; Schlegel et 

al., 2014; Uygun et al., 2010), we used 3ml/min/gr liver. We observed that the higher flow rate 

(3ml/min/g liver weight) caused less damage and preserved morphology and function 

substantially better than the lower flow rate. Hyperperfusion of the liver was associated with 

substantially higher enzyme release, higher damage score, and less bile production. 

The studies favouring lower flow rates used perfusate supplemented with artificial oxygen 

carriers or rat blood (Schlegel et al., 2014), respectively, discarded human erythrocytes (Uygun 

et al., 2010). All these additives might increase the viscosity of the perfusate, which may affect 

the resistance of the system. Higher resistance in return may increase the risk of damaging the 

hepatic sinusoidal structure. In addition, the utilization of outdated human RBCs resulted in 

hemolysis and microvascular obstructions (Okamura et al., 2017). Therefore, we suspect that 

the medium viscosity and the hemolysis are the main reasons for this difference in perfusion 

flow rate selection. In our NMP system, we did not add oxygen carriers. However, oxygen has 

limited solubility in the perfusate without additives, which means hepatocytes take up constant 

amounts of oxygen. In comparison, a higher flow rate speeds up the perfusion cycle, and more 

newly dissolved oxygen in the perfusate is taken up by the hepatocytes, achieving a better 

outcome in our hyperperfusion NMP model. 
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Table 11. Physiological portal vein flow in rats 

Reference Strain of rat Body weight Physiological portal vein flow 

(Daemen et al., 1989) Wistar 350-450g 1.53 ± 0.19 ml/min/g liver 

(Kassissia et al., 1994) SD 300-400g 1.25+0.04 ml/min/g liver 

(Nakajima et al., 1990) Fischer 250-350g 1.32+0.06 ml/min/g liver 

(Um et al., 1994) SD 319 ± 5g 1.5 ml/min/g liver 

(Katsuta et al., 2005) SD 341 ± 15g 7.18+0.65 ml/min/100g BW  

(H. Li et al., 2017) Wistar 300-350g 2.52+0.23 ml/min/100g BW 

(Figueira et al., 2014) Wistar 185-300g 11.6+2.2 ml/min 

6.1.2.2 Waste removal by perfusate replacement beneficial for organ preservation in 

oxygen-carriers-free NMP 

Furthermore, we observed that the enzyme levels in the perfusate, as well as the potassium 

levels, increased in parallel with the duration of NMP, especially after the 3rd hour. Those 

accumulated metabolites, such as lactate and potassium, can lead to persistent metabolic 

acidosis, exacerbating liver injury (Vitin et al., 2017). Therefore, waste removal during NMP 

is one option to improve organ preservation. For this purpose, we evaluated the effect of 

replacing half of the medium either once or twice during the perfusion process and observed 

that in our hands, replacing half of the medium once was sufficient. Other studies evaluated the 

use of dialysis. Dialysis has been shown to be necessary in previous studies to maintain 

physiological perfusion conditions (Gassner et al., 2019; Nosser et al., 2020). NMP without 

dialysis resulted in non-physiological potassium levels and rising ALT levels compared to NMP 

with dialysis, consistent with our findings. A reason for the necessity to use dialysis in an 

experimental ex-vivo liver machine perfusion could be an adverse liver-weight to perfusate-

volume ratio in comparison to large animal and human liver perfusion systems, which results 

in a higher extracellular potassium due to the lower potassium uptake by the hepatocytes in ex 

vivo rat liver perfusion (Nosser et al., 2020).  

6.1.3 Impact of donor properties on outcome of NMP 

    Regarding the impact of donor properties on NMP, we postulated that livers from female 

donors and livers from male donors subjected to shorter WIT had a better outcome after NMP. 

We also hypothesized livers from aged donors had an inferior outcome due to structural 

impairment. 

6.1.3.1 Female gender beneficial for organ preservation  

In addition to the duration of warm ischemia, we found that donor properties impact the 

outcome of NMP. Several studies suggest that female livers exhibit greater tolerance to stress 
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conditions compared to male livers (de Vries et al., 2013; Han et al., 2022). Li et al. revealed 

that estrogen protecting the liver from hepatic I/R injury depends on G protein-coupled estrogen 

receptor (GPER) and the influence of GPER activation on hepatocyte necroptosis via clamping 

the portal vein and hepatic artery to construct an IRI model (Li et al., 2022). It was repeatedly 

reported for experimental and clinical liver transplantation that recipients of livers from female 

donors exhibited more favorable graft survival than those receiving a liver graft from male 

donors (Lai et al., 2018). Similarly, our findings revealed that female DCD livers produced 

more bile, released less enzymes, and showed less morphological damage during NMP 

compared to the male livers. Hormonal factors have been postulated to lead to a reduction in 

susceptibility to ischemia-reperfusion injury in women. The proposed mechanisms for the 

protective effect of estrogens on liver I/R injury include inhibition of apoptosis, an increased 

serum level of nitric oxide, a decreased serum level of tumor necrosis factor α, regulation of 

heat shock protein expression, and selective modulation of MAPK kinase activities (Guo et al., 

2015). 

6.1.3.2 Shorter WIT beneficial for organ preservation  

Previous studies have already extensively investigated the adverse effects of prolonged WIT 

(Ali et al., 2015; Schlegel et al., 2014). Schlegel et.al (Schlegel et al., 2014) revealed that DCD 

livers subjected to 60 minutes in situ WIT followed by 4 hours NMP exhibited more severe 

damage compared to those with 30 min WIT, though bile production did not differ. However, 

no studies have explored the potential beneficial effects of short WIT (less than 30min) during 

NMP. Therefore, we examined whether shorter WIT (mean time: 20 min) could improve 

outcomes in DCD-NMP. Our findings indicated that even a reduction of WIT by as little as 10 

minutes significantly improved organ preservation. Prolonged WIT leads to the accumulation 

of acidic metabolites, possibly due to reduced ATP supply, primarily impairing cellular 

functions such as homeostasis, signalling interactions, and sodium/potassium ATPase 

(Na+/K+-ATPase) activity, resulting in mitochondrial damage, microcirculation failure, and 

cellular destruction (Kalogeris et al., 2012).  

    It is interesting to note that bile production of the sWIT liver significantly increased at the 

beginning of 3 hours, but there was no difference after the 3rd hour. This suggests that shorter 

WIT may affect bile production to a greater extent in the first three hours.  

6.1.3.3 Old age detrimental for organ preservation 

Age is another risk factor influencing IRI tolerance. Aging causes liver structural changes, 

such as a reduction in liver volume and an increase in hepatocyte volume (Schmucker, 2005). 

Aging livers typically undergo a 20% to 40% reduction in volume and exhibit a hardened 
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texture indicative of fibrosis (Kim et al., 2015). In our study, we observed the increase in 

stiffness possibly reflecting the fibrotic changes.  

Additionally, hepatic arteriolar walls thicken, endothelial cell fenestration decreases, and 

liver blood flow declines, accompanied by reduced bile acid secretion (Nasiri-Ansari et al., 

2022). These findings explain the detrimental impact of older donor age on early mortality post-

transplant, as reported by Dayoub et al. (Dayoub et al., 2018). A seminal study from the United 

States indicated that the 95% confidence interval for adjusted 1-year post-transplant survival 

estimates dropped from 85–86% to 61–76% for donors younger than 40 years of age vs. donors 

over 70 years of age, respectively (Durand et al., 2019).  

Our findings showed that livers from senescent donors produced less bile and experienced 

more severe liver damage during NMP. Furthermore, we observed higher wedged hepatic vein 

pressure during NMP. This finding can be attributed to the described structural age-dependent 

changes in hepatic sinusoids, such as thickened endothelial layers and reduced fenestration. 

These changes may contribute to elevated hepatic sinusoidal pressure indirectly observed 

through measurements of wedged hepatic vein pressure.  

Our study revealed in addition, that hepatic sinusoidal pressure increased with NMP duration 

in older livers, likely due to an increase in resistance over time. This increase in resistance might 

be explained by hyperperfusion related endothelial injury and subsequent edema. (Li et al., 

2023). 

6.1.4 Impact of age on autophagy in native and machine perfusion livers 

Autophagy is an essential recycling mechanism of cellular components, which plays a crucial 

role in maintaining liver metabolism (Mizushima, 2007). Several studies indicated that 

autophagy is substantially lower in the aged liver compared to the young liver (Kim et al., 2022; 

Mao et al., 2023; Xu et al., 2020). To confirm this, the autophagy markers, including LC3b-II 

and p62, were detected via western blot in normal young and old livers obtained from the liver 

explant in our present study. We observed that the expression of p62 decreased with the increase 

of LC3b-II in aged livers, indicating autophagy was impaired in the aged livers, which was 

consistent with previous studies.  

In addition, autophagy plays an important role in hepatic IRI. However, few studies explore 

the impact of autophagy on liver IRI in machine perfusion (Luo et al., 2023; Ohman et al., 2022; 

Zeng, Wang, et al., 2019). Therefore, we explored the expression of autophagy in the liver 

subjected to NMP. We observed that the expression of LC3b-II increased and P62 decreased in 

parallel with the perfusion time, suggesting an enhancement of autophagy in NMP. Moreover, 

based on the publications, most of them indicated the reduction of autophagic flux in the aged 
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liver. Similarly, we observed that the autophagy in the aged liver subjected to NMP was 

impaired, with more severe liver damage and lower preservation of hepatic function as indicated 

by lower bile production. Furthermore, in liver subjected to NMP, the expression of autophagy 

increased over time, interestingly both in livers from young but also from old donors.  A 

growing number of studies suggested that autophagy protects hepatocytes from death during 

and after hepatic IRI (Gotoh et al., 2009; Mao et al., 2023). A study in 26-month-old mice 

demonstrated that the loss of atg4b in aged livers led to a reduction of LC3 activity, which 

resulted in a reduced autophagic flux and a more severe IRI. Compared to those from young 

mice, hepatocytes from old mice presented a highly reduced autophagy response after IRI 

simulation (Wang et al., 2011). Therefore, we assumed that the reduced autophagic flux in the 

aged liver leads to an aggravated hepatic I/R injury. According to these findings, modulation of 

autophagy might be another promising strategy to reduce IRI in NMP.  

6.2 Part II: LTx study 

    We successfully established a stable LTx model which was further improved by optimising 

flushing conditions to achieve homogenous reperfusion reproducibly. In a preliminary liver 

transplant experiment, we explored the correlation between parameters of hepatic 

hemodynamics, perfusion, and microcirculation on the one hand and damage parameters on the 

other hand.  

6.2.1 Impact of pressure-controlled and volume-controlled flushing on the reperfusion 

in LTx model 

We established a relatively stable rat LTx model by following the recommendation of Jin 

Hao (Jin et al., 2012) consisting of “dry exercise”, cadaver training, and living animal training. 

We found that by practicing in this sequence, only 10 LTx procedures using living animals were 

needed to achieve the anhepatic phase below 25min. However, we encountered severe 

heterogeneous reperfusion when performing volume-controlled flushing of the liver with 100ml 

saline in about 4-5min. Under this flushing condition, reperfusion was heterogeneous in about 

half of the cases. We speculate that this result may be due to a pressure induced injury of the 

hepatic sinusoidal structure as a result of the non-physiological flow rate during flushing 

(physiological portal pressure: 5mmHg-10mmHg). Therefore, we improved the flushing 

condition with pressure-controlled flushing with 0.2ml Ringer lactate per body weight using a 

20cm water column. When flushing the liver under physiological pressure conditions, 

reperfusion became completely homogenous within 15 minutes and remained homogenous 

throughout the first hour as assessed visually.   
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6.2.2 Asynchronous alteration of liver enzyme release and morphological damage in 

transplantation 

Liver enzyme activity levels represent a well-established parameter for estimating hepatic 

injury following organ procurement, preservation, and transplantation (Panconesi et al., 2021). 

Nonetheless, liver enzyme levels alone are not predictive of initial non- or poor graft function 

(Bolondi et al., 2016). A drastic increase in serum activities of “liver enzyme markers” does not 

necessarily have to reflect liver cell death (Contreras-Zentella & Hernández-Muñoz, 2016). 

We observed that hepatic damage in terms of enzyme release occurred in the early 

posttransplantation phase. As expected, the morphological changes became visible at a later 

point in time, where enzyme release already partially recovered. Here, vacuolization in the 

pericentral area was the most prominent feature which developed in the within the first hour of 

reperfusion. In contrast confluent necrosis in the pericentral region was the most obvious 

change which occurred within 24-hour after transplantation mainly, reaching almost 15%.  

6.2.3 Impairment of liver microcirculation after reperfusion in LTX 

We assessed hepatic hemodynamics, perfusion and microcirculation 1h postreperfusion. 

Despite intensive research in the field of IRI and microcirculation, there is only little 

information available regarding the early phase after rat liver transplantation. As reported in 

1996 by Walcher (Walcher et al., 1996), the anhepatic phase in rat liver transplantation causes 

a severe cardiovascular depression due to clamping of the inferior cava. Despite intensive 

volume resuscitation the mean arterial pressure at 1h postreperfusion did not recover but 

remained between 60 – 80mmHg, which is at the edge of being critical for a rat.  

In our experiment we did not perform any volume resuscitation, which gives rise to the 

assumption, that the mean arterial pressure during the anhepatic phase was even lower. 

Nevertheless, we observed that portal pressure and flow was only reduced by 30% - 40% 

compared to normal values. We measured a mean PVP of almost 13mmHg compared 17-

18mmHg and a portal flow of 7-8ml/min compared to 18ml/min, which we considered to be 

indicative of partial recovery from systemic cardiovascular depression.  

Similarly, we observed a severe reduction of perfusion parameters such as capillary-venous 

oxygen saturation and microvessel perfusion flow, which we also considered to be indicative 

of the recovery process after revascularization. Furthermore, we visualized and quantified 

postischemic microvascular architecture and perfusion. As expected, all static parameter 

remained similar compared to normal. In contrast, the dynamic parameters such as the perfused 

capillary density and proportion of perfused capillary density did not yet recover to normal.  
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We were interested to elucidate the relationship between impairment of hepatic perfusion in 

the early reperfusion phase and the corresponding damage in terms of enzyme release. We also 

wanted to know which parameter is best suited for real-time intra-operative assessment.   

A previous study indicated that an important fraction of the released hepatic enzymes 

depends largely on hemodynamic changes in the rat liver (Puhl et al., 2005). We observed that 

all parameters used to describe and quantify hepatic perfusion were correlated with enzyme 

liver microcirculation which is correlated with the release of liver enzymes. Similar results were 

obtained by several groups in the past (Sindram et al., 2000; Vollmar & Menger, 2009), but 

require a rather time-consuming analysis of the raw data. Our devices allow acquisition of data 

in real-time, even within the operation room. Based on the ease of measurement, we currently 

favor the O2C-device, since this method only require the placing of sensor on the surface of the 

liver.  

6.3 Part III: Comparison of morphological changes in different models of hepatic IRI  

    Zonated morphological damage was observed in both of the models possibly associated to 

intralobular gradient of oxygen distribution, corresponding to the HMGB1 translocation and 

CYP1A2 expression.  

6.3.1 Zonated morphological damage pronounced in NMP but not in LTx 

We observed, for the first time in a NMP model, that the extent and type of hepatocyte injury 

differed significantly between the periportal and pericentral areas. In other words, we observed 

zonated morphological damage in our rat model of NMP. Furthermore, we realized that the 

extent and severity of the damage seemed to be flow rate dependent.  

In the periportal area, we observed almost no damage when using a flow rate of 1m/min/gr 

liver. Using this flow rate, we could not clearly discriminate the periportal areas from the 

midzonal area. However, when hyperperfusing the liver using a flow rate of 3ml/min/gr, we 

observed pressure related damage (vacuolization) in the periportal region.  

In the pericentral region, we observed severe ischemic damage as indicated by nuclear 

pyknosis and vacuolization. The extent of ischemic damage seemed to be flow rate and 

perfusion time dependent.  

Pericentral ischemic damage of the hepatocytes increased in all groups along with the 

perfusion time.  However, the size of the damaged pericentral region became smaller when 

increasing the flow rate and even smaller when removing waste products by replacing half of 

the medium. Here, we speculate that increasing the flow rate above the physiological range 

probably increased the oxygen supply along the sinusoids, with more oxygen remaining for 

hepatocytes located closer to the central vein, see Figure 44. Therefore, we believe that in our 
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model of oxygenated NMP, but without oxygen carriers, hyperperfusion reduced ischemic 

injury of pericentral hepatocyte and preserved function, but caused some pressure related 

damage in the periportal area. Here, we assume that adding oxygen carriers to the medium 

would call for reducing the flow rate to achieve best prevention from pressure related damage 

in the periportal region and ischemic damage in the pericentral region.  

To the best of our knowledge, none of the previous studies reported this zonated 

morphological impairment after NMP, possibly due to the short perfusion duration or the use 

of oxygen carrier enriched perfusate. Our finding can be well explained with the concept of 

metabolic zonation. A recent work by Xin and colleagues showed in a 70 % portal vein ligation 

model in rats that the pericentral area is more sensitive to IRI compared with the periportal area 

(Xin et al., 2023). The discrepancy in zonation might be related to the liver microanatomy and 

the intralobular gradient of oxygen distribution (Kietzmann, 2017; Manco & Itzkovitz, 2021; 

Soto-Gutierrez et al., 2017), see Figure 44 Under physiological conditions, the oxygen 

decreases from about 60–65 mm Hg (84–91 µmol/L) in the periportal blood to about 30–35 

mm Hg (42–49 µmol/L) in the perivenous blood (Kietzmann et al., 2006). This intralobular 

gradient distribution of oxygen leads to the spatial distribution of metabolic function throughout 

the liver lobule, a phenomenon called metabolic zonation (Kietzmann, 2017; Manco & 

Itzkovitz, 2021; Soto-Gutierrez et al., 2017).  

The liver lobule is divided into three functional zones specialized in carrying out specific 

metabolic functions, including metabolism, detoxification, and bile generation (Kietzmann et 

al., 2006). The periportal zone, also known as Zone 1, is closest to the arterioles and bile duct. 

It is primarily responsible for oxygen-requiring metabolic processes, such as gluconeogenesis, 

cholesterol biosynthesis, ureagenesis, and fatty acid βoxidation. The midzone, also known as 

Zone 2, performs various functions, including maintaining iron homeostasis and regulating 

insulin-like growth. The pericentral zone, or Zone 3, surrounds the central vein and is primarily 

responsible for low-oxygen-requiring processes, such as glycolysis, bile-acid biosynthesis, 

glutamine synthesis, lipogenesis, and xenobiotic metabolism (Jungermann & Kietzmann, 1996; 

Soto-Gutierrez et al., 2017).  

Zonated morphological damage was also observed in livers after transplantation, but much 

less pronounced. In our transplantation model, we observed mild vacuolization of pericentral 

hepatocytes 1 hour after reperfusion, as well as confluent necrosis and dilatation of hepatic 

sinusoids 24 hours after reperfusion in the pericentral region. This difference between NMP 

and Ltx can be well related to the different levels of oxygen and nutrient supply in the two 
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models. NMP was performed with oxygenated protein enriched cell culture medium without 

oxygen carriers, whereas transplanted livers were obviously reperfused with whole blood.  

 

Figure 44. Liver microarchitecture, oxygen gradient, and HE and HMGB1 staining different flow rate NMP, 

and transplantation livers. (A) Classic hexagonal shaped liver lobule with a central vein (CV) in the middle and 

portal triad (PT) corners with the branch from the portal vein also called terminal portal vein (TPV, blue dot), and 

a branch from the hepatic artery also called terminal hepatic arteriole (THA, red dot) as well as a bile duct (BD, 

green dot). (B) Three zones can be distinguished. 1, the periportal zone; 2, the midlobular zone or midzone; 3, the 

perivenous, pericentral, or centrilobular zone. (C) Oxygenn gradient in different experimental conditions. (D) The 

HE results of livers subjected to different flow rate of NMP and LTx 1h. This figure A and B copied from Panday 

and Kietzmann (Kietzmann, 2017; Panday et al., 2022) with friendly permission. 
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6.3.2 Pericentral translocation of HMGB1 and reduced expression of CYP1A2 

pronounced in NMP but not in LTx  

    HMGB1 is an alarm protein that initiates inflammation in response to hepatic IRI. (Ni et al., 

2021). Upon ischemic injury, HMGB1 translocates from the nucleus to the cytoplasm and 

further to the extracellular space. In a previous study, our group showed in a warm ischemia 

model, that HMGB1 translocation was visible as early as after 0.5h, and HMGB1 translocation 

and expression were increased in a time-dependent manner and peaked at 24 h (Liu et al., 2011).   

In the NMP model, we observed that the HMGB1 translocation was more pronounced in the 

pericentral area compared to the periportal area. This finding is indicative of ischemic damage 

in the pericentral region, as suspected by the morphological assessment. In contrast, the nuclear 

HMBG1-signal persisted throughout the 6h of NMP in the periportal region (Figure 44). This 

finding suggests that eventual damage in this region, as observed in the hyperperfused livers, 

cannot be attributed to ischemia and supports the interpretation of pressure related damage.     

Pericentral HMGB1 translocation was also significantly increased after transplantation. 

Similarly, as in NMP and our previous study, translocation was not so pronounced in the early 

phase (1 h) after reperfusion but then increased within the subsequent 24h. Compared to the 

NMP study, zonated translocation but also extent of ischemic was less prominent after 

transplantation. We speculate that this difference in the zonated translocation may be primarily 

related to the quality of oxygen supply, possibly related to the presence or absence of 

erythrocytes.  

Assessment of liver function can be done by investigating drug metabolizing enzymes 

belonging to the family of cytochrome P450 (CYP) enzymes. These enzymes play a vital role 

in clearing various compounds, including steroids, fatty acids, and xenobiotics (Almazroo et al., 

2017). Therefore, we attempted to visualize and quantify the expression of CYP1A2 as an 

indirect indicator of metabolic function after reperfusion in both models, including NMP and 

LTx. A recent study demonstrated that determination of CYP1A2 activity via a modified LiMax 

assay showed a high correlation with damage parameters, especially histology. Therefore, the 

authors concluded that CYP activity can be used as a biomarker of liver function assessment 

during NMP (Schurink et al., 2021). 

We observed that extent of pericentral CYP1A2-expression decreased during the course of 

NMP. This was most pronounced in aged livers, which are very sensitive to IRI due to the pre-

existent age induced structural and functional impairment. In a next step we will assess CYP-

activity to obtain a more comprehensive picture of the metabolic capacity of the liver subjected 

to machine perfusion.  
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6.4 Limitation 

Our study has several limitations. First, although our NMP model shows promise, previous 

research has shown that supplementation of the medium with oxygen carriers is beneficial, 

especially when prolonging the perfusion time further. As a result, our next plan is to add 

artificial oxygen carriers to the perfusate to assess and quantify the additional benefit. Second, 

we observed substantial effects of donor properties on the outcome of NMP, but did not yet 

conduct in-depth mechanistic studies. However, our first preliminary results show, that 

autophagy might play a key role deserving further attention. Third, our research focused only 

on changes in hepatic sinusoidal pressure in aged livers. However, we did not assess hepatic 

sinusoidal cell function or morphological changes post-NMP, which is a focus of our future 

research. Fourth, so far we only explored the relationship between autophagy and old age and 

did not explore the relationship between other donor properties and autophagy.  Lastly, we did 

not yet monitor the real-time liver microcirculation by direct imaging via CytoCam because we 

were using an oxygen carrier-free medium for NMP. This is only possible when performing 

NMP using diluted blood as oxygen carriers as described by others.  

There are two limitations in the LTx part. Firstly, we only focused on the liver 

microcirculation change after early liver transplantation, however, the long-term 

microcirculation change needs to be explored in a next step. Secondly, our donor grafts were 

only subjected to short cold ischemia times.  However, the impact of longer cold ischemia on 

liver microcirculation still needs to be investigated. 
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7 CONCLUSION 

    NMP using oxygenated Williams E medium without additional oxygen carriers can preserve 

rat liver morphology and function for at least 6h. Best preservation is achieved when balancing 

oxygen supply and waste removal. However, donor properties such as gender and age, as well 

as even a minimal extension of WIT, have a significant beneficial respectively detrimental 

effect on organ preservation. Further work is needed to understand the underlying 

pathophysiological mechanism between donor characteristics, NMP condition, and organ 

preservation. 

    Intraoperative assessment of liver hemodynamics, perfusion and microcirculation seems to 

reflect severity of early IRI. Further work is needed to identify the most relevant parameter to 

predict severity of IRI based on an “easy to determine” intra-operative measurement.  

    Taken together, addressing the complex topic of IRI from the side of NMP to prevent severe 

IRI and from a diagnostic point of view will contribute to better prevention of severe liver 

damage. 
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9 APPENDIXES 

9.1 Supplement materials  

    Details of the chemicals, reagents, and kits are presented in Table S1. Similarly, details of 

laboratory materials, equipment, and software are mentioned in Table S2 and Table S3. The 

medium of perfusion are showed in Table S4. The histological buffer and antibodies are 

mentioned in Table S5 and Table S6. As shown in Table S7-9, western blot buffer, gel recipe, 

and antibodies are presented. As shown in Table S10, the clinical chemistry result in LTx study. 

 

Table S1. List of materials and equipment 

Materials and equipment Manufacturer 

18 G steel cannula  Harvard Apparatus 

22 G catheter B.BRAUN, 628566 

6-0 silk Ethicon, 640696 

7-0 prolene  Ethicon, 600430 

8-0 prolene  Ethicon, 6000178 

Autoclavable Moist Chamber Hugo Sachs Elektronik, 73-4733 

Automatic benchtop tissue processor Leica, TP1020 

Automatic biochemical analyzer  Roche, Cobas 8000 

Blood gas analysis  Radiometer, ABL 90 Flex 

Bubble Trap Hugo-Sachs-Elektronik, V83163 

Cytocam  Braedius Medical, Huizen 

Fr 1 polyurethane cannula  VYGON 

Fr 2 polyurethane cannula VYGON 

Heating Circulating Baths Harvard Apparatus, 75-0310 

HPE III Basic  Bareiss Prüfgerätebau GmbH 

Membrane Oxygenator Hugo Sachs Elektronik, T18728 

Microsurgery Microscope  Leica, M60 

Microtome device Leica, RM2255 

Mini-PROTEAN Tetra Cell Casting Module BIO-RAD, 1658022EDU 

Mini-PROTEAN Tetra Vertical Electrophoresis 

Cell for Precast Gels BIO-RAD, 1658005EDU 

Peristaltic Pump Harvard-Apparatus, P-70 

Positively charged slides  Epredia, J1800AMNZ 

PVDF transfer membrane, 0.45 µm Thermo Fisher Scientific, 88518 

Reusable Blood Pressure Transducers AD Instruments, MLT-0380/D 



II 
 

Spectrometric device O2C  LEA Medizintechnik Giessen 

Speed-e-Vac Thermo Fisher Scientific, SPD111V-230 

SpeedMill Plus 845-00007-2, Analytik Jena 

Thermocycler Biometra, 846-X-070-280 

Thermomixer Eppendorf, 5437 

TissueLyser LT Qiagen, 85600 

Transwell inserts Sarstedt, 83.3930.041 

Water bath LAUDA, H 16 

Water Jacketed Reservoir  2L Harvard Apparatus, 73-3441  

Western blotting filter paper, extra thick Thermo Fisher Scientific, 88620 

 

Table S2. List of chemicals, reagents, and kits 

Chemicals and reagents Manufacturer 

Acetylcholine chloride Sigma, A6625 

Ammonium persulfate (APS) Sigma, A3678 

Avidin/Biotin Blocking Kit  Abcam, ab64212 

BCA protein assay kit Thermo Fisher Scientific, 23225 

BisTris Roth, 9140.3 

Commercially available ready-to-use protein block Abcam, ab64226 

Eosin Sigma, HT110132 

Eosin Y Sigma, HT110332 

Ethanol Thermo Fisher Scientific, 16606002 

Ethanol (≥ 99.5 %) 
Roth, T868.1 

Formaldehyde 4% 
Otto Fischar, 27261 

Glycine 
Roth, HN07.2 

Hematoxylin Agilent, CS70030-2 

Hematoxylin Roth, T865.1 

Heparin B.BRAUN, 142263 

Hydrochloric acid c(HCl) Merck, 109063100 

Immobilon western chemiluminescent HRP substrate Millipore, WBKLS0500 

Isoflurane Cp-pharma, 1214 

Isopropanol Roth, 7343.1 

Methanol VWR, 20847.295 

Mounting medium Sigma, 03989 

Page ruler prestained protein ladder Thermo Fisher Scientific, 26619  
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PhosSTOP phosphatase inhibitor  Sigma, 4906837001 

Positively charged slides  Epredia, J1800AMNZ 

Powdered milk Roth, T145.2 

Primary mouse monoclonal antibody  Abcam, ab22717 

Rabbit polyclonal antibody  Abcam, ab18256 

Resolving Gel Buffer for PAGE BIO-RAD, 1610798 

Ringer-lactate solution Fresenius kabi,14RL3320 

Sodium chloride (NaCl) Roth, P029.3 

Sodium dodecyl sulphate (SDS) Roth, CN30.2 

Stacking Gel Buffer for PAGE BIO-RAD, 161-0799 

Streptavidin HRP  Abcam, ab64269 

TEMED  Sigma, T9281 

Tris  Roth, 5429 

Tri-sodium citrate  Sigma, S-4641 

Tween-20  Sigma, P9416 

Veterinary Saline (500ml) WDT, 18X1807 

Xylol  Roth, 9713.3 

β-mercaptoethanol Roth, 4227.1 

 

 

Table S3. List of software 

Software Manufacturer 

Image J  National Institutes of Health, Version 1.54h 

GraphPad Prism 8.0 Dotmatics 

LabChart ADInstruments products 

NDP.view2Plus image viewing  Hamamatsu Photonics, Version U12388-02 

Origin Electronic Arts 

SPSS statistics 26.0 IBM 

Histokat VirtualLiver Fraunhofer MEVIS 

Fusion FX7  Labtech International Ltd 

Biorender Biorender 

 

 

Table S4. Recipe of NMP medium used in animal experiments (750ml / rat) 

Reagent Concentration Manufacturer 

Phenol red-free Williams E Medium 600ml Thermofisher, A1217601 

Fetal bovine serum 20% PAN-Biotech, P30-3306 
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Penicillin- Streptomycin SOL 100 U/mL Thermofisher, 15140122 

L-glutamine 0,292 g/l Sigma, G7513 

Insulin 1U/L LILLY, 1008623 

Hydrocortisone 10 mg/L Pfizer, 1005904 

Heparin 1U/L B.BRAUN, 142263 

 

Table S5. Buffers used in HE and IHC 

Reagents  Recipe 

Sodium citrate buffer 2.94 g Tri-sodium citrate, 1 L dH2O, 0.5 mL Tween 20, PH=6 

10× Tris-buffered saline (TBS) 24.228 g Tris, 87.66 g NaCl, 1L dH2O, pH 7.6 

1× TBS / Tween (TBST) 100 ml 10× TBS, 1 mL Tween, dH2O 

 

Table S6. CYP and HMGB1 antibodies used for IHC-detection of expression and 

translocation 

Antibody Dilution Manufacturer 

Anti-CYP1A2 antibody-monoclonal in mouse 1:3000 Abcam, ab22717 

Rabbit Polyclonal HMGB1 antibody 1:2000 Abcam, ab18256 

Goat Anti-Mouse IgG H&L (biotin) 1:2000 Abcam, ab6788 

Goat Anti-rabbit IgG H&L (biotin) 1:5000 Abcam, ab6720 

 

Table S7. Buffers used in protein isolation and western blotting 

Reagents  Recipe 

1× protein lysis buffer RIPA buffer, SIGMA, R0278 

4x Laemmli sample buffer BIO-RAD, 1610747 

5x running buffer 15.1 g Tris base, 94 g Glycine, 5 g SDS, 1 L dH2O, PH=8.3 

1x loading buffer 
2.5 % β-mercaptoethanol, 22.5 % 4x Laemmli sample buffer, 

75 % lysis sample 

10× Tris-buffered saline (TBS) 60.6 g Tris, 80.06 NaCl, 1L dH2O, pH 7.6 

1× TBS / Tween (TBST) 100 ml 10× TBS, 1 mL Tween, dH2O 

10x Transfer buffer 30.3 g Tris base, 144.1 g Glycine, 1 L dH2O 

1x Transfer buffer 100 mL 10x Transfer buffer, 200 mL methanol, 700ml dH2O 

5 % Block buffer 2.5 g powdered milk, 50mL 1x TBST 

 

Table S8. Recipe of stacking and separating gels. 
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Component Stacking gel (5%) Separating gel (12%) 

30 % Acrylamide 0.67 mL 4 mL 

dH2O 2.98 mL 3.2 mL 

1.5M Tris-HCL - 2.6 mL 

0.5M Tris-HCL 1.25 mL - 

10% SDS 50 μL 100 μL 

10 % APS 50 μL 100 μL 

TEMED 5 μL 10 μL 

 

Table S9. Antibodies used for Western blotting 

Antibody Dilution Manufacturer 

Rabbit anti-light chain 3 (LC3) 1:1000 Abcam, ab48394 

Rabbit anti-SQSTM1 (P62) 1:1000 Abcam, ab109012 

Rabbit anti-glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 
1:15,000 Abcam, ab181602 

Polyclonal goat antibody to rabbit IgG 1:10,000 Abcam, ab6721 

 

 

Table S10. Clinical chemistry before and after LTx 

Parameters Before LTx LTx 1h LTx 24h 

ALT (U/L) 34.7±14.1 1827.2±744.9* 662.8±407.5*# 

Albumin (g/l) 42.3±1.9 27.3±1.4* 22.5±4.9* 

Alkaline phosphatase 

(μmol/l) 

1.49±0.42 2.4±0.6* 1.4±0.3 

Amylase (μmol/l) 35.3±5.6 41.8±12.0 19.3±4.2*# 

AST (U/L) 75.1±23.1 1684.1±791.6* 1497.4±583.9* 

Direct bilirubin (μmol/l) <3 <3 <3 

Total bilirubin (μmol/l) <3 <3 <3 

Cholinesterase (μmol/l) 3.6±1.4 2.8±0.4 1.4±0.5 

Cholesterol (mmol/l) 2.1±0.1 1.5±0.2* 1.8±0.2 

C-reactive protein (mg/l) <0.6 <0.6 <0.6 

Γ-glutamyltransferase 

(μmol/l) 

<0.05 0.06±0.02 0.12±0.05*# 

Glucose (mmol/l) 13.8±1.5 15.1±4.8 7.3±2.2*# 

Urea (mmol/l) 6.7±1.1 9.5±0.9 26.6±13.3 

Creatinine (μmol/l) 34.2±2.7 86.7±18.5* 99±67.9 

Lactate dehydrogenase 

(μmol/l) 

191.8±47.9 4708.6±1909.2* 1891.8±694.8*# 

Triglycerides (mmol/l) 1.15±0.3 0.49±0.4* 1.4±0.2# 

Total protein (μmol/l) 61.5±1.1 38.9±3.5* 36.8±8.3* 
*: there is a significant difference compared to Before LTx (P < 0.05); #: there is a significant difference compared 

to LTx 1h (P < 0.05). 
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