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Abstract 

 

Background:  Hepatic steatosis is associated with poor post-operative outcome after liver surgery.  It was 

hypothesised that steatotic livers are susceptible to ischemia-reperfusion injury (IRI) and one proposed 

mechanism is mitochondrial dysfunction.  Mitochondria produce the bulk of cellular energy and impaired 

mitochondrial function (MF) leads to cellular death.  Ischemic preconditioning (IPC) is thought to 

decrease liver injury and improve hepatic MF.  However, the relationship between hepatic steatosis and 

MF in the setting of IPC and IRI is poorly understood.   

 

Aim:  Investigate the impact of hepatic steatosis on liver MF subjected to cold ischemia and warm IRI in 

the presence or absence of IPC. 

 

Methods:  Systematic reviews were undertaken to evaluate three key issues: 1) Relationship between 

hepatic steatosis and outcome in liver surgery, 2) Effect of hepatic steatosis on hepatic MF after IRI, and 

3) Effect of IPC on outcome in liver surgery.  Experimental studies was conducted in appropriate mouse 

and rat models of hepatic steatosis, investigating the impact of hepatic steatosis on liver MF subjected to 

prolonged cold ischemia or warm IRI.  The effect of IPC on hepatic MF was also evaluated.  

 

Findings: Reviews indicated that hepatic steatosis associates with poor outcome after liver surgery and 

impaired cellular bioenergetics was a factor.  Additionally, IPC decreased conventional liver injury 

markers but did not improve clinical outcome.  I demonstrated that steatotic animal livers developed MF 

impairment, particularly Complex I (CI).  Steatotic livers acquire additional MF impairment after cold 

ischemia, occurring faster in livers with >30% steatosis.  After warm IRI, steatotic livers developed 

decreased CI function.  IPC improved CI efficiency in livers with <30% steatosis subjected to cold 

ischemia but did not influence MF in livers with >30% steatosis subjected to cold ischemia or warm IRI.     

 

Conclusions:  The results demonstrated that hepatic steatosis is associated with impaired MF, which 

worsened after IRI and contributed to the decreased tolerance of steatotic livers to IRI.  IPC was effective 

on steatotic liver MF in certain settings.  Future research should identify the underlying mechanism of 

impaired steatotic liver MF especially in clinical studies to develop mitochondrial-specific therapies, in 

order to improve outcome in patients with hepatic steatosis.
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Chapter 1   

Introduction 

 

 

Non-alcoholic fatty liver disease or hepatic steatosis has become the most common liver disease in the 

developed world and is increasingly encountered in patients undergoing liver resection and 

transplantation.  Hepatic steatosis is associated with poor post-operative outcome.  This situation has 

meant there is now a pressing need to investigate which factor can influence how well steatotic livers 

perform with ischemia when they are to be utilized in transplantation.  It is through improving our 

understanding of these underlying mechanisms that we can start to design interventions to improve the 

outcome of these patients.   

 

This thesis investigates what is known about hepatic steatosis (epidemiology and pathophysiology) and 

then explores the role of metabolism, primarily at the level of the mitochondria, in the susceptibility of 

steatotic livers to ischemia-reperfusion injury.  This thesis is divided into three main sections:  

i) Background of the complications associated with steatotic livers undergoing transplantation 

and resection (Chapter 2 to 4),  

ii) Metabolic mechanisms that may underpin defects with hepatic steatosis (Chapter 5, Chapter 11 

to 13) and  

iii) How steatotic livers respond to ischemic preconditioning as a potential therapeutic option of 

ameliorating the effect of hepatic steatosis (Chapter 6 and 7, Chapter 12 and 13). 

 

The following topic areas are covered: 

In Chapter 2:   

 The epidemiology and currently known pathophysiology of hepatic steatosis are summarized.  

 Potential mechanisms of the impact of hepatic steatosis on liver surgery are also summarized, 

including impaired mitochondrial function.   

 The role of mitochondria in cellular homeostasis and current methods of mitochondrial function 

analysis is discussed.   

 The history of ischemic preconditioning in liver surgery and the effect of ischemic preconditioning 

on mitochondrial function are also discussed. 
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In Chapter 3: 

 An overview of the impact of the degree of hepatic steatosis on outcome following ischemia-

reperfusion injury in experimental studies is provided.   

 A systematic review on this relationship is summarized.   

 

In Chapter 4: 

 A systematic review on the impact of hepatic steatosis on clinical outcome following liver 

transplantation in clinical studies is summarized. 

 

In Chapter 5: 

 The relationship between hepatic steatosis and cellular bioenergetics after injury is summarized.   

 A systematic review on the impact of hepatic steatosis on cellular bioenergetics following 

ischemia-reperfusion injury is also presented.  

 

In Chapter 6: 

 A systematic review of the impact of ischemic preconditioning on outcome in experimental studies 

is presented. 

 

In Chapter 7: 

 The findings of a systematic review on the impact of ischemic preconditioning on outcome in liver 

transplantation and liver resection in clinical studies are presented.   

 

In Chapter 8: 

 The materials and methods common to all experimental studies carried out are described.   

 

In Chapter 9: 

 The commonly used animal models of hepatic steatosis, ischemia-reperfusion injury and ischaemic 

preconditioning are summarised.   

 The choice of the animal model used in our studies of ischemia-reperfusion injury and ischemic 

preconditioning is outlined.   

 Operative details for inducing warm ischemia-reperfusion injury and cold ischemia are detailed. 

 Validation of the temperature for the mitochondrial function assay is also outlined. 
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In Chapter 10: 

 An experimental study undertaken to examine the feasibility of mitochondrial function analysis 

from liver samples obtained via needle biopsy is presented.   

 Although not directly related to the main hypothesis, the findings of this study will be relevant for 

future mitochondrial function analysis in clinical liver diseases. 

 

In Chapter 11: 

 The results from our initial study on mitochondrial function and anaerobic capacity of mice 

steatotic liver tissues subjected to prolonged cold preservation is presented.   

 

In Chapter 12: 

 This is the first of our two our main experiments in dietary-induced hepatic steatosis in rats.   

 The effect of ischemic preconditioning on mitochondrial function in graded hepatic steatosis 

subjected to cold preservation is described.   

 

In Chapter 13: 

 This is the second of our main experiments involving rodent dietary-induced hepatic steatosis. 

 The effect of ischemic preconditioning on mitochondrial function of rat steatotic livers subjected 

to warm ischemia-reperfusion injury is presented. 

 

In Chapter 14: 

 The main findings of this thesis are summarized. 

 Potential directions for future studies are also identified.  
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Chapter 2   

Relationship between non-alcoholic fatty liver disease, mitochondrial function and 

ischemic preconditioning in liver surgery 

 

 

2.1 Introduction 

 

Non-alcoholic fatty liver disease (NAFLD) refers to a condition involving accumulation of triglycerides in 

hepatocytes.  This leads to a spectrum of liver disease that ranges from simple hepatic steatosis to non-

alcoholic steatohepatitis (NASH) and cirrhosis.  Hepatic steatosis does not often progress to more severe 

liver diseases. However, approximately 20-30% of NAFLD patients have histological signs of fibrosis and 

inflammation indicating NASH [1], and may develop cirrhosis, terminal liver failure and hepatocellular 

carcinoma [2, 3].  This disease process has become increasingly prevalent, and NAFLD is now the most 

common chronic liver disease in the developed world [2].  As a result, patients with NAFLD are increasingly 

encountered in liver surgery: removal of the diseased liver (resection) or orthotopic liver transplantation 

(OLT).   

 

Outcomes of patients undergoing major liver surgery have improved substantially over the last 20 years due 

to improvements in perioperative care, surgical techniques and intensive care management [4].  Hepatic 

surgery is associated with a phenomenon known as ischemia-reperfusion injury (IRI) that plays a significant 

role in the initiation of liver injury [5, 6].  The presence of hepatic steatosis has been associated with 

increased perioperative morbidity and mortality in liver surgery with increased post-resection complications 

and decreased graft survival post-transplantation [7, 8].  It is hypothesised that steatotic livers are less 

tolerant of IRI, leading to poor outcome [9, 10].  This has led to extensive research into hepatic steatosis 

and its impact on outcomes following liver surgery, but the exact relationship is still highly contentious [11].   

 

One of the proposed reasons for the decreased tolerance of steatotic liver to IRI is mitochondrial dysfunction 

(MD) [12].  Mitochondria supply the vast majority of cellular energy as adenosine triphosphate (ATP) via 

oxidative phosphorylation (OXPHOS), and mitochondrial energy supply is fundamental to cellular viability 

[13].  Interruption of key mitochondrial processes by ischemia or tissue anoxia disrupts normal cellular 

bioenergetics, impairs cellular function and subsequently leads to cell death [14].  In the clinical setting, the 

sum of underlying hepatic impairment and acquired mitochondrial injuries resulting from steatosis and/or 
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interactions with IRI, may lead to the delay or inability of hepatocytes to regain full function after IRI.  

However, the exact mechanism is still not well-understood, despite recent advancements in understanding 

of mitochondrial function (MF) and bioenergetics in IRI.   

 

Although there are no current therapeutic options to prevent IRI [15, 16], multiple protective strategies have 

been proposed.  One strategy routinely used in clinical practice is ischemic preconditioning (IPC).  IPC is a 

surgical strategy that has been shown to ameliorate the impact of IRI [17].  Pathophysiology and mechanism 

of IPC have been studied extensively over the last 25 years, and promising results have been seen in various 

organ systems [17, 18].  In particular, IPC has been shown to be beneficial in hepatic IRI [19].  Utilization 

of IPC has resulted in improved outcome in experimental and clinical studies of hepatic IRI [20, 21]; and 

may also be beneficial in improving bioenergetics of steatotic livers subjected to IRI [22].   

 

This chapter will firstly review the epidemiology and current knowledge of the pathophysiology of hepatic 

steatosis.  In order to understand the relationship between hepatic steatosis and liver surgery, potential 

mechanisms underlying this relationship will be discussed.  The role of mitochondria in cellular homeostasis 

and current methods of MF analysis will also be discussed.  This chapter will then review the history of IPC 

with an emphasis on liver surgery and the effect of IPC pertaining to MF. 

 

 

2.2 Epidemiology of non-alcoholic fatty liver disease 

 

NAFLD is the most common liver disease in the world and affects up to 30% of the population in Western 

countries [23].  However, the prevalence of NAFLD varies widely in the general population in different 

studies, and this discrepancy is largely due to the variation in diagnostic modalities used.  Studies using 

non-invasive diagnostic techniques have estimated the prevalence of NAFLD to be 3-45%, whereas liver 

biopsy or autopsy studies revealed the prevalence to be 15-84% [24].  A study utilizing proton magnetic 

resonance spectroscopy discovered that 30% of the population in the United States of America (USA) had 

increased hepatic triglyceride content unrelated to alcohol intake [23].  The same study also showed that the 

prevalence of NAFLD varies among different ethnicities and genders, with significantly higher prevalence 

in Hispanics and European men compared to African-Americans or European woman [23].  Despite the lack 

of histological evidence to confirm the presence of steatosis, this information is considered to support that 

up to 60 million adult Americans are estimated to suffer from NAFLD [23, 25].   
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The high prevalence of NAFLD is not exclusive to Western countries and has now reached epidemic levels 

in countries previously considered to be “low risk” [26].  NAFLD was assumed to be uncommon in the 

Asia-Pacific region as it was a disease of affluence.  Liver disease in the region was largely burdened by 

viral hepatitis, and there has been a lack of recognition of NAFLD [26].  Studies have shown that the 

prevalence of NAFLD in the general population across Asia ranged from 5 to 30% [27].  Worryingly, 

longitudinal studies from China and Japan have indicated that the prevalence of NAFLD is increasing.  In 

an analysis of 39,151 Japanese patients, Kojima et al. showed that the prevalence of NAFLD increased from 

12.6% in 1988-1989 to 28.4% in 1999-2000, a 2.3-fold increase in the span of 12 years [28].  Similar trends 

were also documented in China [29, 30].  These results mirror the prevalence of NAFLD in Western 

countries and confirm the importance of NAFLD as a public health issue in the Asia-Pacific region.  As a 

result, there is growing concern of the alarming increase in prevalence of NAFLD, as this disease may 

progress to end-stage liver disease and liver cancer.  This is particularly important as the prevalence of risk 

factors associated with NAFLD continues to grow worldwide, particularly in the Asia-Pacific region [29].   

 

Risk factors for NAFLD include insulin resistance, dyslipidemia, hypertension and visceral obesity, which 

are collectively referred to as the metabolic syndrome [31].  Although not all patients with the metabolic 

syndrome develop hepatic steatosis [1], it is now considered that NAFLD is the hepatic manifestation of the 

metabolic syndrome [29].  Studies have shown that the prevalence of hepatic steatosis is significantly higher 

in patients with obesity [30, 32], insulin resistance (or type 2 diabetes mellitus, DM) [33] and dyslipidemia 

[30].  The latter three possible risk factors for NAFLD are discussed more in detail. 

 

i) Obesity:  The prevalence of hepatic steatosis has been estimated to be 70-80% in obese patients but only 

35% in lean patients [27, 32].  However, it should be emphasised that visceral or central obesity is more 

important than generalised obesity in the development of hepatic steatosis [34, 35].  Many individuals 

labelled as non-obese on the body mass index (BMI) scale have central obesity that strongly correlates to 

insulin resistance; a central event in the development of hepatic steatosis [36].  In a survey of over 2500 

Japanese men, the odds ratio for developing hepatic steatosis was most influenced by central obesity and 

hepatic steatosis was present in ‘lean’ but centrally obese individuals [35].   

 

ii) Insulin resistance: Hepatic steatosis is strongly linked to insulin resistance [36-38].  In patients with 

normal fasting blood glucose, the prevalence of NAFLD was 27%, but this rose to 43% in patients with 

fasting hyperglycaemia, and 62% in patients with type 2 DM [39].  Furthermore, hepatic steatosis itself is 
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an insulin-resistant state since hepatic fat accumulation can lead specifically to hepatic insulin resistance 

[29].  Insulin resistance is widely regarded as a universal finding in patients with hepatic steatosis [25].   

 

iii) Dyslipidemia:  Patients with dyslipidemia have a 23-fold increased risk of developing hepatic steatosis 

compared to patients without dyslipidemia [30].  In a study using ultrasound evaluation of liver, 50% of 

patients with hyperlipidemia had hepatic steatosis and hypertriglyceridemia played a role in the increased 

risk of hepatic steatosis [40].  Hypertriglyceridemia and DM are the only risk factors that significantly 

increase the risk of hepatic steatosis in hyperlipidemic patients, consistent with presence of insulin resistance 

[40]. 

 

As developing countries trend towards a Western lifestyle along with the growing prevalence of the 

metabolic syndrome, the prevalence of hepatic steatosis is expected to increase worldwide to epidemic 

proportions [41, 42].  This is clinically relevant as the mortality rate among patients with NAFLD is 

significantly higher than the patients without NAFLD [43].  Furthermore, patients with cirrhosis secondary 

to NASH have a worse prognosis relative to patients with other causes of end-stage liver disease [4, 25].  

Consequently, it is important to understand the disease process in order to improve patient management and 

outcomes. 

 

 

2.3 Pathophysiology of hepatic steatosis 

 

The pathophysiology of hepatic steatosis is yet to be elucidated.  It is not known why some patients develop 

simple steatosis, and other patients develop inflammation and/or fibrosis.  The molecular events resulting 

in intra-hepatic lipid accumulation are poorly understood, but insulin resistance appears to play a primary 

role in the development of hepatic steatosis.  Insulin resistance leads to dysregulated peripheral lipogenesis 

and lipolysis and increased hepatic fatty acid synthesis [24, 33].  The consequent net retention of intra-

hepatic lipids, mostly in the form of triglycerides, results in simple steatosis [4, 44].  

  

Although multiple hormones play roles in regulation of lipid metabolism, insulin and leptin currently appear 

to be the most important of these regulators [45].  In addition to its well-known primary function in glucose 

homeostasis, insulin is pro-lipogenic as it promotes lipid synthesis and accumulation, decreases intracellular 

lipolysis and mediates adipocyte differentiation.  Furthermore, insulin promotes intra-hepatic de novo long 

chain fatty acid (LCFA) synthesis and is a key regulator of processes by which glucose and fatty acid 



50 

 

metabolism interact.  In contrast, leptin has anti-lipogenic activity that minimises triglyceride accumulation 

in the liver by lowering the expression of lipogenic transcription factors as well as enhancing fatty acid 

oxidation [46].  Leptin also opposes insulin-mediated lipogenesis in extra-hepatic tissues.  However, the 

balance of these two hormonal regulators is less clear in obesity, as both insulin resistance and leptin 

resistance may play roles [45].  Overall, the process of intrahepatic lipid accumulation and lipid droplet 

growth arise from an increased hepatic production or storage of lipids, and/or a decreased hepatic excretion 

or metabolism of lipids [45, 47].  The following sections will discuss these processes separately. 

 

 

2.3.1 Increased hepatic production or storage of lipids 

 

The liver plays a central role in energy homeostasis by storing glucose, as glycogen, and distributing fuels 

as glucose and lipids to peripheral organs.  Hepatic glucose and free fatty acid uptake are insulin-dependent 

and thought to increase in parallel with plasma concentrations of glucose and free fatty acids [45].  Dietary 

lipids are transported as chylomicrons via the lymphatic system from the intestines to the liver where they 

are stored and processed to form very low-density lipoprotein (VLDL) [45].  VLDL distributes lipids to 

lipid-storing adipose tissues.  Although the liver is the major organ for lipid distribution, it has a limited 

capacity for lipid storage [48].  Thus, either an increase in hepatic lipid in-flow or storage combined with 

decreased peripheral lipid storage will lead to the development of hepatic steatosis.  As a result, “over-

nutrition” with excess dietary intake of lipids can lead to hepatic steatosis [49].  Similarly, ingested glucose 

is taken up by the liver and the majority is stored as glycogen [45].  Excess glycogen is then metabolised to 

acetyl co-enzyme A (CoA), an essential substrate for synthesis of LCFA.  LCFA are then incorporated to 

VLDL, secreted to the circulation and stored in adipose tissues.  However, in the presence of peripheral 

insulin resistance, peripheral lipid storage is decreased and adipose tissue lipolysis is increased, leading to 

increased levels of circulating free fatty acids [50].  This results in an overflow of lipids to the liver, 

increased hepatic lipid storage and subsequently, development of hepatic steatosis.  Furthermore, excessive 

activation of transcription factors involved in lipogenesis has been observed during excess intake of dietary 

lipids in patients with insulin resistance [47].   

 

De novo lipid synthesis is also increased in livers of patients with hepatic steatosis [51].  This is mediated 

by increased activity of positive modulators of hepatic triglyceride contents such as peroxisome proliferator-

activated receptor (PPAR) and sterol regulatory element-binding protein (SREBP) [52, 53].  These 

transcription factors target genes coding for key reactions in lipid synthesis.  SREBP are a family of 
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membrane-bound transcription factors that regulate production of lipids for export into the plasma, whereas 

PPAR are a group of nuclear receptor proteins with an essential role in the regulation of carbohydrate, lipid 

and protein metabolism.  One of the proteins in the SREBP family, SREBP-1c, preferentially enhances 

transcription of genes required for fatty acid synthesis and has been shown to mediate the lipogenic effect 

of insulin on the liver [53].  PPAR-α plays an important role in fatty acid β-oxidation and appears to regulate 

mitochondrial energy metabolism, and PPAR-γ plays an important role in lipid storage and stimulates 

adipocyte differentiation [54].  In patients with insulin resistance, there is a co-existing state of 

hyperinsulinemia as a response to peripheral insulin resistance.  This leads to increased SREBP-1c activity 

and hepatic fatty acid synthesis, and subsequently to increased hepatic lipid generation and intra-hepatic 

lipid storage, developing hepatic steatosis [53]. 

 

 

2.3.2 Decreased hepatic excretion or metabolism of lipids 

 

Hepatic steatosis may result from inadequate hepatic lipid excretion or metabolism: for example, inadequate 

triglyceride mobilization, decreased VLDL assembly or secretion, and impaired fatty acid oxidation [45].  

Hepatic triglyceride export is mediated by VLDL and requires apolipoprotein B-100 (apoB100) on VLDL.  

ApoB100 is produced in excess of the requirements for VLDL secretion, and chronic hyperinsulinemia 

stimulates VLDL secretion [55].  Additionally, apoB100 and VLDL secretion are increased in obese 

hyperinsulinemic patients compared to lean control patients [56].  Taken together, an absolute decrease in 

VLDL synthesis is unlikely to be a factor in obesity-associated hepatic steatosis [45].  However, a smaller 

increase in VLDL secretion compared to the increase in LCFA availability may lead to triglyceride 

accumulation and contribute to hepatic steatosis.   

 

LCFAs within the liver have two primary outcomes: transformation to triglyceride or oxidation.  Oxidation 

of LCFA occurs in three manners: i) mitochondrial β-oxidation, ii) endoplasmic reticulum oxidation, or iii) 

peroxisomal β-oxidation [45].  Primarily, lipid oxidation occurs in the mitochondria as β-oxidation of fat 

into acetyl-CoA [57].  Acetyl-CoA is then oxidised by the tricarboxylic acid (TCA) cycle to generate 

reduced nicotinamide-adenine dinucleotide (NADH) and reduced flavine-adenine dinucleotide (FADH2), 

which then transfer electrons to the mitochondrial respiratory chain and couple to ATP generation.  Within 

the endoplasmic reticulum, LCFAs are oxidised by cytochrome P450s (CYPs), which normally play a small 

role in overall LCFA oxidation but are quantitatively more important when the substrate load is increased, 

or mitochondrial β-oxidation is impaired [58].  However, CYP can be a major generator of reactive oxygen 
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species (ROS) as the rate of reduced nicotinamide adenine dinucleotide (phosphate) [NAD(P)H] 

consumption increases, and this reduces oxygen to superoxide and/or hydrogen peroxide (H2O2). Similarly, 

peroxisomal β-oxidation becomes more important during increased substrate load or impaired 

mitochondrial β-oxidation, and also participates in oxidation of very LCFA (>20 carbon) that cannot be 

processed by the mitochondria.  Peroxisomal β-oxidation does not result in ATP generation, but instead 

generates H2O2 and heat.  Importantly, improper fatty acid oxidation and intracellular accumulation of 

intermediary products of fatty acid synthesis, such as malonyl-CoA, may negatively affect mitochondrial β-

oxidation [47, 59].  In hepatic steatosis, PPAR-α appears to be down-regulated while PPAR-γ up-regulated 

[45, 59].  This leads to impaired fatty acid β-oxidation and increased adipocyte differentiation with 

subsequent development of hepatic steatosis.   

 

Taken together, hepatic steatosis may arise from a combination of excess supply of fatty acids/glucose, 

increased de novo lipid synthesis and decreased hepatic lipid oxidation.  The evidence indicates a complex 

interplay of different factors in the pathophysiology of hepatic steatosis, and there is no single causal 

explanation for the development of hepatic steatosis.  

 

 

2.4 Types of hepatic steatosis 

 

Hepatic steatosis can be defined based on the morphology and extent of lipid accumulation in the 

hepatocytes.  The extent of steatosis is defined as the percentage of hepatocytes containing fat droplets in 

the cell cytoplasm.  Greater than 5% steatotic hepatocytes are now accepted as the minimum criteria for the 

histological diagnosis of hepatic steatosis [1].  The current grading system used clinically was based on two 

studies published in 1991.  D’Alessandro et al. [10] classified the degree of steatosis, based on the proportion 

of hepatocytes affected by fatty infiltration, into i) minimal (<1/3 of hepatocytes), ii) moderate (>1/3 but, 

<2/3 of hepatocytes), or iii) severe (>2/3 of hepatocytes).  Adam et al. (1991) classified the degree of 

steatosis into i) mild (< 30%), ii) moderate (30-60%), or iii) massive (>60%) based on the percentage of 

hepatocytes that display fatty infiltration [60].  Both systems are used widely but were defined arbitrarily.  

The more commonly used system in the surgical literature is the grading system, proposed by Adam et al 

[9, 61].   

 

Hepatic steatosis can be classified to two types: macrovesicular or microvesicular steatosis.  Macrovesicular 

steatosis (MaS) is defined as hepatocytes with a single large intracytoplasmic fat vacuole (mainly 



53 

 

triglycerides) that displaces the nucleus to the cell periphery [1, 61].  This type of lipid accumulation is 

commonly associated with obesity, DM, hyperlipidemia and alcohol abuse.  The underlying pathogenesis 

is related to excessive triglyceride accumulation, primarily due to increased uptake of fatty acids and/or de 

novo synthesis (Section 2.3).  Defective hepatic export or impaired β-oxidation further increases hepatic 

triglyceride content [61].  The second type of steatosis is microvesicular steatosis (MiS) which refers to 

accumulation of tiny intracytoplasmic fat vacuoles without displacement of the nucleus.  MiS is usually 

related to acute viral infection, toxin- or drug-induced injury, sepsis and metabolic disorders [61].  It is 

attributable to impaired mitochondrial fatty acid metabolism [62]. 

 

Hepatic steatosis usually presents as MaS, but the presence of MaS alone is rare [11].  The majority of 

hepatic steatosis presents with varying degrees of MaS and MiS simultaneously.  In simple hepatic steatosis, 

foci of lobular inflammation, mild portal inflammation and lipogranulomas may also be identified [1].  

However, hepatocellular injury and fibrosis indicating progression to steatohepatitis is absent.  This section 

will discuss the current methods for assessing hepatic steatosis. 

 

 

2.4.1 Assessment of hepatic steatosis 

 

Accurate assessment of hepatic steatosis is fundamental in assisting prediction of patient outcomes from 

NAFLD.  This has led to intense research into different modalities of assessing hepatic steatosis.  The “gold 

standard” for assessing steatosis remains histological diagnosis [1].  There are disadvantages to histological 

diagnosis including sampling error, risk associated with biopsy and histological work-up.  Liver biopsy is 

invasive and potentially harmful.  The risk of both fatal and of non-fatal bleeding after a liver biopsy was 

estimated to be 0.4% and 0.57%, respectively [63].  As a result, it is not suitable as a screening tool.  In 

addition, sampling error due to small size of sample and location could lead to misleading interpretation of 

the degree of hepatic steatosis especially with focal steatosis, hypersteatosis or hepatic fatty sparing [11].  

Furthermore, a single biopsy represents only a very small portion of the whole organ [64].  High quality 

biopsy techniques using a large gauge needle (>14 gauge, 14G), adequate sample length (>1.5 cm) and 

obtaining more than one liver biopsy are important in minimizing sampling errors [1].   

 

Tissue fixatives and different staining methods can influence the visualisation of lipid droplets within the 

liver [11, 65].  Evaluation of hepatic steatosis in frozen sections is more difficult than paraffin-embedded 

sections.  Frozen sections are commonly used in patients undergoing hepatic surgery due to time constraints 
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[65].  Furthermore, hematoxylin and eosin (H&E) stain has been shown to overestimate MiS while 

underestimating MaS in frozen biopsy sections compared to permanent sections with specific staining 

methods [66].  Other lipid-specific staining methods such as Sudan-III and Oil Red O (ORO), which stain 

lipid, are more sensitive than H&E, but are highly dependent on technical expertise and require a long 

processing time [11].  Irrespective of the variability in tissue sampling and processing, pathologists play a 

more significant role in the interpretation of hepatic steatosis.  There is significant inter-observer variability 

among expert liver pathologists from different centers in quantitative and qualitative assessments of 

histological slides [65].  There is another issue in the assessment of hepatic steatosis as some studies report 

hepatic steatosis as the total percentage of hepatocytes involved with steatosis [1, 8] while others report the 

total percentage of liver surface area involved with steatosis [65, 67, 68] and it is unclear which method 

accurately represent liver physiology.  The exact relationship between the percentage of steatotic 

hepatocytes and area of steatotic parenchyma is also unknown.  These issues have led to the development 

of computerised programmes for objective assessment of hepatic steatosis to determine the area occupied 

by lipid vacuoles in order to improve standardisation of histological assessment [65, 67, 68].   

 

Due to the increased prevalence of hepatic steatosis and the invasive nature of liver biopsy, non-invasive 

modalities have been an area of immense research.  Blood tests and biomarkers such as hypertension, BMI, 

insulin resistance, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) have yet to be 

consistently shown to accurately diagnose hepatic steatosis [4].  Ultrasonography (USS) is a readily 

available and inexpensive test that has shown 95% positive predictive value in screening for hepatic steatosis 

in obese patients [69].  However, USS relies heavily on operator experience, lacks objective criterion for 

diagnosis of hepatic steatosis and poses a significant technical difficulty of performing USS on obese 

patients.  Computed tomography (CT) and magnetic resonance imaging (MRI) have shown potential in 

identifying hepatic steatosis [70].  Another promising modality is localised proton magnetic resonance 

spectroscopy (MRS) that provides a sensitive and quantitative method of measuring hepatic steatosis [23].  

However, these three latter modalities are costly and not always available in all hospitals.  Furthermore, CT 

and MRI have poor detection rates for diagnosing mild hepatic steatosis [11].  Additionally, these techniques 

are difficult to carry out in medically unstable patients considered for OLT. 

 

Despite the advancement of various non-invasive and invasive modalities, liver biopsy remains the standard 

diagnostic method for hepatic steatosis, as it provides confirmation of the diagnosis along with evaluation 

of inflammation, fibrosis and architectural remodelling [1].   
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2.5 History of liver surgery 

 

Liver resection was first performed in the 17-18th century on trauma victims from military combat [71].  

Modern liver surgery has rapidly evolved, starting in the mid-20th century.  The first liver resection was 

performed in 1886 but resulted in uncontrolled bleeding and death.  Subsequently, the first successful liver 

resection was performed by Dr. Langenbuch in 1888.  There were only scattered publications in the period 

of 1888-1950, but major steps were made in the 1950s that helped define modern liver surgery.  In 1952, 

the first formal right hepatectomy was performed by Lortat-Jacob et al [72].  Importantly, Claude Couinaud 

described the segmental anatomy of the liver in 1956 which formed the basis of modern and functional 

surgical liver anatomy [73, 74].  Following on this, Henri Bismuth described anatomical or segmental liver 

resection in 1982 which has continued to be used to this day [75].   

 

These developments in liver surgery have led to the possibility of liver transplantation.  Experimental organ 

transplantation was considered to have started in 1901 when Alexis Carrel pioneered vascular suture 

techniques [76].  In 1955, heterotropic animal liver transplantation was described by Welch, while the first 

OLT was described by Cannon in 1956 [77, 78].  This paved the way for human OLT which was performed 

for the first time in 1963 by Starzl et al [79].  The 3-year old patient with biliary atresia only survived for 

hours post-operatively.  However, this led to pioneering advances in liver transplantation by Starzl and his 

team.  This culminated in the first successful human OLT in 1967 [80].  The introduction of cyclosporine 

by Calne in 1978 led to dramatic improvements in outcome of liver transplantation [81].  Another major 

improvement was the introduction of the University of Wisconsin (UW, Madison, WI, USA) solution in 

1987 which markedly improved organ preservation and has remained the standard preservation solution 

used worldwide [82].  As a result of these advancements, liver transplantation has been successfully 

performed worldwide and represents a major advance in liver surgery. 

 

Currently, liver resection remains the only curative treatment for most patients with primary or secondary 

malignant liver tumours [63].  Advancements in surgical techniques and perioperative patient management 

have led to a dramatic improvement in perioperative mortality of liver resections from as high as 20% in 

earlier reports to rates of 0-2% achieved currently [71].  As a result, this has led to loosening of the 

indications and extent of liver resection with major liver resections routinely performed on livers with 

underlying parenchymal diseases such as hepatic steatosis [8, 63].  Similarly, liver transplantation is the 

only curative treatment for end-stage liver disease.  The advancement made in liver resection also led to 

broadening of the potential donor pool such as split liver procedure or living-donor liver transplantation 
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[71].  Despite this, there is an on-going shortage of liver grafts as the number of patients on the waiting list 

for transplantation continues to grow, while the number of donors is decreasing.  In the USA, the number 

of patients added to the waiting list was 10,500 each year between 2007-2009, but only approximately 6,000 

liver transplants were performed [83].  This has resulted in a high mortality rate of patients on the waiting 

list and forced transplant units to use marginal, or extended-criteria liver grafts, which include steatotic 

livers [83].  These issues are clinically important as patients with parenchymal liver disease have an 

increased risk of post-operative morbidity and mortality following liver resection [63].  Similarly, marginal 

liver grafts in liver transplantation are associated with increased risk of graft failure post-transplantation 

[83].  The impact of hepatic steatosis on outcome in liver surgery will be further discussed in Chapter 3. 

 

 

2.6 Ischemia-reperfusion injury in liver surgery 

 

IRI is a phenomenon where cellular damage is caused by reperfusion of oxygen after a period of 

ischemia/hypoxia [84, 85].  IRI is considered the main cause of hepatocellular damage during liver surgery 

and plays a significant role in the initiation of liver injury [5, 86].  In liver surgery, the liver can be subjected 

to various types of IRI [86].  Inflow occlusion of the portal triad (Pringle’s manoeuvre) [87] is often applied 

to decrease blood loss during liver resection, but this process of occlusion and subsequent reperfusion to the 

ischemic liver induces warm IRI that may impair liver regeneration following hepatectomy [88].  In OLT, 

the process of cold preservation and warm reperfusion leads to IRI [6].  In liver resection, IRI can lead to 

liver failure post-operatively [84].  Similarly, IRI can lead to delayed graft function (10-30% of cases) or 

worse, primary non-function (PNF, up to 5% of cases) post-OLT [6].  It can also lead to higher incidence 

of both acute and chronic rejection [5].  As hepatic steatosis is associated with poor outcome following liver 

surgery, it was hypothesised that steatotic livers are more susceptible to IRI, but it remains speculative [9, 

63].   

 

The reason for the increased susceptibility of steatotic livers to IRI is unknown, but several different 

hypotheses have been proposed to explain this susceptibility.  This next section will discuss the potential 

mechanisms underlying the increased susceptibility of steatotic livers to IRI. 
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2.6.1 Impaired microcirculation 

 

The hepatic microcirculation is a system of micro-vessels called sinusoids, which are composed of 

endothelial cells, Kupffer cells (KC) and stellate cells [89].  The hepatic microcirculatory flows are through 

these sinusoids, and systemic or regional hemodynamic changes may affect the flow.  Similarly, obstruction 

of these sinusoids may result from swollen perisinusoidal cells or mediators in pathological conditions such 

as IRI [90].  Impaired microcirculation may contribute to impaired hepatocellular function and is an 

important factor in the susceptibility of steatotic livers to IRI.  Intra-cellular lipid accumulation is associated 

with increased hepatocyte volume and widened parenchymal cell plates [91].  This results in obstruction of 

the adjacent sinusoid space and increasing the vascular resistance in the hepatic microcirculation [90].   

 

Sato et al. first observed in Zucker rats that steatotic livers have significantly lower regional hepatic blood 

flow and volume compared to normal livers [92].  This was confirmed by Teramoto et al [93].  Moderate 

hepatic steatotic livers also had <50% microcirculatory blood flow compared to lean livers [94].  Subsequent 

experimental studies suggest that the severity of steatosis inversely correlates with hepatic microcirculatory 

flow [95].  Furthermore, the severity of steatosis had a larger effect on microcirculation than total liver blood 

flow.  Contrastingly, Sun et al. found that obese Zucker rat livers had significantly wider hepatic cords after 

IRI, but showed no significant difference in sinusoidal diameters in comparison to lean livers [96].  Impaired 

microcirculation was also observed clinically during organ retrieval with significantly lower hepatic 

microcirculation in steatotic human donor livers compared to normal livers [97]. 

 

Decreased sinusoidal blood flow may potentially expose steatotic hepatocytes to chronic hypoxia [94].  The 

subsequent exposure to ischemia may potentially impair oxygen and nutrient delivery on reperfusion to an 

already susceptible organ.   

 

 

2.6.2 Kupffer cell dysfunction 

 

KC are resident liver macrophages and are activated by ROS from damaged hepatocytes [63, 98].  KC are 

relatively tolerant to ischemia, but become activated during reperfusion [5, 99].  KC also up-regulate CD11b 

expression on leucocytes leading to leucocyte recruitment into the sinusoids, and induce sinusoidal 

endothelial cell apoptosis [6].  As KC represents an important source of ROS and pro-inflammatory 
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cytokines during IRI, KC dysfunction has been proposed as a factor in the susceptibility of steatotic livers 

to IRI [99]. 

 

In a study of obese rats, KC in steatotic liver had decreased phagocytosis and increased ROS release [100].  

However, following OLT, steatotic livers demonstrated increased number of KC with further increase in 

phagocytosis [93].  This KC dysfunction further accentuates the hepatocellular injury in IRI.  The 

importance of KC in IRI was demonstrated when a selective KC inactivator, gadolinium chloride, decreased 

serum transaminases and increased bile production post-OLT in a rat model of alcohol-induced steatosis 

[99].  KC have also been implicated in impairing hepatic microcirculation in steatotic livers [90, 101].  

Additionally, KC produce pro-inflammatory cytokines such as tumour necrosis factor-α (TNF-α) and 

interleukin-1 (IL-1) [84] that activate neutrophils, and further contribute to hepatic injury by producing 

additional ROS [100].  On the basis of these findings, it is likely that KC dysfunction plays a major role in 

the susceptibility of steatotic livers to IRI. 

 

 

2.6.3 Increased adhesion of leucocytes 

 

As discussed above (Section 2.6.2), a number of cytokines produced by KC lead to accumulation of 

neutrophils in the sinusoids.  Under normal circumstances, most of these neutrophils will undergo apoptosis 

and get removed by KC without causing any damage [84].  However, IRI-induced cell swelling and 

sinusoidal cell damage leads to increased adhesion of leucocytes to sinusoidal surfaces [84, 90].  This is 

propagated by expression of intercellular adhesion molecule-1 (ICAM-1) during both warm and cold 

ischemia [6, 84, 93].     

 

Steatotic livers have increased production of pro-inflammatory cytokines by KC following IRI which leads 

to increased neutrophils accumulation (Section 2.6.2).  Importantly, increased expression of ICAM-1 was 

observed in steatotic livers post-IRI [102].  This culminates in decreased sinusoidal space and in 

combination with pre-existing impaired microcirculation, would lead to severe hepatic injury.  Furthermore, 

leucocytes also release ROS and contribute to further cellular damage.  This may partly explain the increased 

hepatocellular damage observed in steatotic livers following IRI compared to normal livers. 
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2.6.4 Impaired bioenergetics 

 

Hepatic steatosis is associated with the accumulation of non-esterified fatty acids [9].  Non-esterified fatty 

acids result from improper fatty acid oxidation leading to accumulation of intermediary products of fatty 

acid synthesis (Section 2.3.2).  Non-esterified fatty acids inhibit mitochondrial β-oxidation and lead to 

depletion of Acetyl CoA, an important substrate for the TCA cycle, leading to impaired oxidative production 

of ATP [47].  Additionally, the co-existence of insulin resistance with hepatic steatosis leads to impairment 

of gluconeogenesis.  The resultant impairment of cellular energy status from abnormal β-oxidation and 

gluconeogenesis is considered to predispose steatotic livers to further stress [63].   

 

During ischemia, oxygen depletion leads to disturbance of intracellular aerobic respiration resulting in 

depletion of ATP, the energy currency of cells [6].  This results in interruption of normal cellular function 

and subsequently cell death [14].  The lack of ATP drives the cell to undergo irreversible necrosis rather 

than the ATP-driven cell apoptosis [103].  In a study of obese Zucker rats subjected to warm ischemia, 

Selzner et al. demonstrated that necrosis was the predominant form of cell death in steatotic livers, whereas 

lean livers developed minimal necrosis with a predominance of apoptotic cell death [103].  This suggested 

that steatotic livers switched towards necrotic cell death mediated by decreased ATP levels (Section 2.8.4).  

Furthermore, steatotic livers have decreased ability to recover ATP levels following reperfusion [104].  

These findings suggest that impaired energy homeostasis contributes significantly to the decreased tolerance 

of steatotic livers to IRI.  Importantly, studies have suggested that hepatic steatosis is associated with MD 

[9, 12].  The role of the mitochondria in cellular bioenergetics will be discussed below (Section 2.7).  The 

relationship between mitochondria and IRI of steatotic livers will be further discussed in Chapter 5.   
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2.7 Role of mitochondria in cellular bioenergetics 

 

The mitochondrion is an intracellular organelle thought to have originated from bacteria [105].  It has two 

membranes: an outer membrane containing proteins called porins that allows diffusion of molecules smaller 

than 5000 Daltons, and an inner membrane that is folded into cristae and extremely impermeable.  The space 

between these two membranes is called the intermembrane space.  The mitochondrial matrix is enclosed by 

the inner membrane.  Although the majority of cellular DNA is in the nucleus, the mitochondria retain a 

small genome in the mitochondrial matrix encoding for aspects of the electron transport system (ETS) and 

ATP-synthase [57].   

 

The major function of the mitochondria is to generate 95% of the cellular energy requirement of ATP via 

OXPHOS [106].  The majority of oxygen that is breathed in is consumed by the mitochondria in this 

process.  This role involves an initial series of biochemical reactions in the TCA cycle to generate NADH 

and FADH2 from metabolic fuels (Section 2.3.2).  NADH and FADH2 are subsequently oxidised and 

transfer their electrons to the complexes of ETS.  As a result of electron transfer through four complexes 

of the ETS, three of these complexes (Complexes I, III and IV) pump or translocate protons from the 

mitochondrial matrix to the intermembrane space to generate a transmembrane proton gradient and 

electronic potential (Figure 1) [13].  As the inner membrane is impermeable to protons, the protons can 

only flow back into the matrix through the F1/F0 ATP-synthase which then couples the ETS to ATP 

synthesis.  Concurrently, the majority of the electrons are transferred through the ETS to complex IV (CIV 

or Cytochrome C oxidase, CCO) where they combine with oxygen and protons to form water.  The 

resultant ATP is then transported out of the mitochondria by adenine nucleotide translocase (ANT).  All 

these processes are dependent to the integrity of the mitochondrial inner membrane serving as a barrier to 

proton flow and as a framework for regulation of electron transfer and enzyme activity [107].   

 

The action of the ETS complexes is regulated by proton gradients, also known as mitochondrial membrane 

potential (MMP) [13].  When the MMP is depolarised, mitochondria respire faster as protons are 

translocated more easily, whereas mitochondria respire slower when the MMP increases.  Uncoupling 

agents (such as carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, FCCP) shuttle protons across the 

inner membrane, and dissipate the MMP with an increase in respiratory rate.  In contrast, inhibition of 

proton flow through ATP-synthase with oligomycin increases the MMP and decreases the respiratory rate.  

As a result, mitochondrial respiration and ATP synthesis are linked through the MMP.  This is critical as a 
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loss of MMP may be caused by a variety of reasons such an inhibition of respiration, lack of substrates or 

uncoupling mechanisms; and may play a role in mitochondrial pathologies. 
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Figure 1 Mitochondrial electron transport system and oxidative phosphorylation 

 

NADH and FADH2 from the TCA cycle are oxidized to NAD+ and FADH by Complex I and II, respectively.  The removed 

electrons are transferred to a Coenzyme Q (CoQ) and subsequently to Complex III, Cytochrome C and Complex IV where it is 

transferred to an oxygen molecule to form water.  Simultaneously, Complex I, III and IV translocate protons from the 

mitochondrial matrix to the mitochondrial intermembrane space, generating a proton gradient.  Complex II does not translocate 

protons itself, but it contributes to the proton gradient through Complexes III and IV.  The proton gradient is utilized by F1Fo-

ATPase to generate ATP from ADP.  ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; CoQ, Coenzyme Q; e-, 

Electron; H+, Proton;  H20, Water molecule; FADH, Flavine-adenine dinucleotide, FADH2, Reduced flavine-adenine 

dinucleotide; NAD+, Nicotinamide-adenine dinucleotide; NADH, Reduced nicotinamide-adenine dinucleotide; TCA, 

Tricarboxylic acid 
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2.8 Additional roles of mitochondria 

 

Apart from its main role of ATP generation, the mitochondria is also involved in regulation of cellular lipid 

metabolism (Section 2.3.2), both production and consumption of ROS, heat generation, calcium 

homeostasis and cell death regulation [13, 107].  These other roles are just as important for adequate cellular 

function, but are beyond the scope of this thesis. 

 

 

2.8.1 Production and consumption of reactive oxygen species 

 

The mitochondria are an important source of ROS within mammalian cells [108].  This is due to unpaired 

electrons that are generated from the process of OXPHOS.  The ROS produced contributes to mitochondrial 

damage but are also important mediators of cellular signalling [13, 108].  The superoxide anion (O2
.-) is the 

initial ROS generated as a by-product of mitochondrial respiration by one-electron reduction of oxygen.  

However, other enzymes such as xanthine oxidase (XOD), NAD(P)H oxidases and monoamine oxidase 

[109, 110] also release O2
.-, and this can lead to generation of stronger oxidants such as hydroxyl radicals, 

which can damage most organic compounds [111].  A key antioxidant, the enzyme superoxide dismutase 

(SOD) catalyses O2
.- to oxygen and H2O2 [109], which is then degraded by catalase and glutathione 

peroxidase to water.  However, H2O2 can escape catalase and peroxidases, and is a potent oxidant and 

signalling molecule.  Furthermore, in excess H2O2 from O2
.-  promotes interactions between divalent metal 

ions through Haber-Weiss reactions [112].  Another major intracellular antioxidant is reduced glutathione 

(GSH), which reacts with H2O2 and is oxidised to glutathione disulfide (GSSG) [113].  The measurement 

of GSH and GSSG provides a surrogate marker for the oxidative stress that the cells or organ is subjected 

to. 

 

Superoxide can also combine with nitric oxide (NO) to produce peroxynitrite (ONOO.-), a potent oxidant.  

ONOO.- can subtly modulate cell signalling and trigger cell death [114].  Furthermore, ONOO.- has been 

shown to irreversibly inhibit most components of the ETS including Complex I-III [115] leading to impaired 

OXPHOS.  ONOO.- also inactivates nicotinamide nucleotide transhydrogenase, which catalyses formation 

of NAD(P)H [116], and the subsequent depletion of NAD(P)H decreases the mitochondrial ability to 

regenerate GSH.  Coupled to this, another antioxidant manganese-superoxide dismutase (MnSOD) is 

inactivated by ONOO.-, preventing breakdown of O2
.-, and further fuels oxidative damage within the 

mitochondria and surrounding cellular structures.  Interactions with H2O2 can also drive substantial damage 
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to mitochondrial membranes and promote mitochondrial membrane permeabilisation and consequently 

apoptosis [117].  

 

Another example of oxidative damage is lipid peroxidation (LPO) which results from damage to lipids by 

ROS, and impacts cell membranes and generates reactive aldehydes [118, 119] such as malondialdehyde 

(MDA) and 4-hydroxy-2-nonenal (HNE).  Both of these compounds react with other cellular structures, and 

promote further cellular damage [118, 119].  Similar to how ROS can react with lipids, ROS can also react 

with proteins resulting in oxidation of amino acid residues to carbonyl derivatives [111, 120].  Carbonyl 

group formation alters protein function and subsequently decreases enzymatic activity, and makes them 

more susceptible to proteolytic digestion.   

 

While mitochondria are often cited as the major sources of intracellular ROS, they produce little ROS in 

vivo in health [110].  Furthermore, the mitochondria are also a “sink” for ROS [121].  The mitochondria are 

able to remove 90% of cellular H2O2 by the enzyme system, thioredoxin/peroxiredoxin, which is coupled 

to mitochondrial respiration [122].  Additionally, mitochondrial cytochrome c (Cyt-C) can be reduced by 

O2
.- and electrons fed to CCO, effectively coupling the process to ATP synthesis [123].  However, electron 

flow and ATP synthesis can be disrupted in different pathological states, including IRI [108].  In these states, 

ROS production rates increase and can promote oxidative stress and cellular damage [124].  Under such 

circumstances, the mitochondria also become potential targets of further ROS-mediated damage [125].  

Hypoxia or impaired ATP-synthase function (through lack of adenosine diphosphate, ADP, or inhibition) 

will result in elevation of MMP, and reduce the ETS complexes and promote O2
.- release from complexes I 

(CI) and III [108].   

 

Additionally, xanthine dehydrogenase (XDH) is converted to XOD during ischemia with a concurrent 

accumulation of its substrates, xanthine.  On reperfusion, XOD reacts with xanthine and oxygen to generate 

O2
.- [126].  Similarly, the re-introduction of oxygen at reperfusion leads to generation of O2

.- as the oxygen 

reacts with unpaired electrons from OXPHOS.  ROS damage impacts mitochondrial integrity to further 

impair cellular oxygen utilization, ATP generation, and cell death with subsequent organ dysfunction and 

damage.  In hepatic IRI, ROS production has been widely thought of as a key event for cellular damage 

[111, 127]. 

 

 



65 

 

2.8.2 Heat generation by uncoupling proteins 

 

Mitochondria are involved in heat generation.  This is mediated by the incomplete coupling of mitochondrial 

respiration (oxygen consumption) to ATP synthesis with proton leakage through the inner mitochondrial 

membrane that does not contribute to ATP synthesis [128].  In normal actively phosphorylating 

mitochondria, there is only a physiological leak of protons at very low rates through the inner mitochondrial 

membrane [129, 130].  However, there is also concurrent proton flux through uncoupling proteins (UCP) 

[128-130].  UCP occurs in the inner mitochondrial membrane and mediates proton leak across the inner 

membrane by uncoupling substrate oxidation from synthesis of ATP, with the energy dissipated as heat 

[131].  UCP was first established in brown adipose tissue as means of heat generation.  Since then, five 

isoforms of UCP (UCP 1-5) have been described, and the UCP-2 isoform was detected in liver mitochondria 

[132].  Initially, UCP-2 was contended to function in thermogenesis, but more recently it has been suggested 

to lower ROS formation within mitochondria by dissipation of the MMP [133].  In the presence of over-

abundance of substrates that exceeds its energy demand, the mitochondria may select to up-regulate UCP-

2 to limit the generation of ROS [132, 134].  This may protect the mitochondria from ROS damage, but 

excessive proton leakage will lead to decreased ATP synthesis for a given amount of substrate (including 

oxygen) and therefore negatively impact cellular function if this falls below cellular energy demands.  UCP-

2 also has the potential to compromise the ability of the mitochondria to recover ATP production following 

ischemia as up-regulation of UCP-2 dissipates the MMP that is required to generate ATP.   

 

 

2.8.3 Calcium homeostasis 

 

Calcium ions (Ca2+) are involved in cellular signalling pathways [135], and mediate short-term events to 

exert changes in various cellular functions [136].  Among these signalling pathways, Ca2+ has an important 

role in the regulation of mitochondrial metabolism [13].  The three major rate-limiting enzymes of the TCA 

cycle: pyruvate dehydrogenase, NAD+-isocitrate dehydrogenase and 2-oxoglutarate, are regulated by 

mitochondrial matrix Ca2+ concentration [137].  This leads to increased reduction of ETS cofactors and 

increased production of ATP.  Additionally, mitochondria have been observed to accumulate Ca2+ and act 

as a Ca2+ “sink” [135, 138].  The mitochondria can import Ca2+ via mitochondrial uniporter or export from 

the mitochondria to the cytoplasm via calcium exchangers [138].  These mechanisms allow the mitochondria 

to function dynamically as Ca2+ storage.  Additionally, the mitochondria have a significant relationship with 
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the endoplasmic reticulum for Ca2+ regulation [135].  However, the ability of mitochondria to accumulate 

Ca2+ is finite and may significantly be affected by pathological diseases [139]. 

 

Apart from regulation of mitochondrial respiration, Ca2+ is also a key factor in the activation of programmed 

cell death, apoptosis [140].  Excess intracellular Ca2+ may lead to activation of pro-apoptotic pathways and 

has been suggested to be the common final pathway for all cellular deaths.  Ca2+ signal propagation to the 

mitochondria may lead to opening of the mitochondrial permeability transition (MPT) pore which is a 

fundamental part of the pathway to reperfusion-induced cell death [13].  The MPT pore opens under specific 

and pathological conditions; and cause increased permeability of the inner mitochondria membrane.  This 

dissipates the MMP leading to decreased OXPHOS and ATP depletion.  Furthermore, studies have shown 

that excessively high intracellular Ca2+ levels can promote necrosis whereas lower intracellular Ca2+ levels 

promote apoptosis [141]. 

 

 

2.8.4 Regulation of cell death 

 

Mitochondria have the fundamental role of generating ATP to sustain cellular function.  As intracellular 

ATP levels diminish, ATP-dependant cellular function such as cell signalling, maintenance of ion gradients 

or calcium signalling, will be impaired.  This leads to cell swelling and calcium accumulation; and 

consequently cell death.  Furthermore, MPT (Section 2.8.3) pore is activated by combination of high intra-

mitochondrial Ca2+, oxidative stress, ATP depletion and mitochondrial depolarization, leading to further 

ATP depletion and consequently cell death.  MPT activation also releases pro-apoptotic factors.  These all 

point towards the importance of mitochondria in maintaining cellular survival.   

 

While there is a continuum between types there are two opposing types of cell injury – necrosis and 

apoptosis [111, 142].  Necrosis occurs as a consequence of lethal external insult to the cell, or metabolic 

failure, whereas in apoptosis, the cell actively participates in its death.  Apoptosis is an ATP-dependent 

pathway and MPT activation determines whether the cell undergo apoptosis or necrosis [143].  Apoptosis 

proceeds with the activation of specific cysteine-dependent aspartate-directed proteases, or caspases, which 

can be driven through events extrinsic and intrinsic to the mitochondria. The mitochondrial-mediated route 

is activated through the release of Cyt-C, which is an important aspect of the ETS and yet, it plays a role in 

determining cell death [144].  Cyt-C then activates caspase 3 and 9 to subsequently trigger cell death [145].  

The extrinsic route also harnesses mitochondria, as caspase 8 triggers the mitochondria to release Cyt-C 
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which then propagates activation of other caspases and consequently cell death.  Additionally, prolonged 

endoplasmic reticulum stress has been shown to activate caspase 12, which also drives apoptosis [145, 146].  

Apoptotic cells are removed by macrophages without inflammation.  Contrastingly, necrosis occurs when 

there is irreversible loss of metabolic function which leads to impaired mitochondrial membrane integrity 

[111].  This then leads to cell swelling and lysis which is a hallmark of cell necrosis [107, 111].  Additionally, 

necrosis is generally associated with inflammation.  However, distinction between these two types of cell 

death may not always be clear-cut.   

 

 

2.9 Anaerobic metabolism 

 

Mitochondrial generation of ATP requires the presence of oxygen but there are instances in the liver where 

there is a lack or absence of oxygen (Section 2.6).  During ischemia or anoxia, cellular energy requirements 

are fulfilled by anaerobic glycolysis, whereby glucose can be metabolised to generate ATP [147, 148].  The 

amount of ATP generated per molecule of glucose during anaerobic glycolysis is significantly lower than 

aerobic respiration in the mitochondria but this process is essential for cellular survival during the period of 

ischemia [147].  However, if anaerobic glycolysis is prolonged, it will lead to acidosis, which will inactivate 

various metabolic functions including glycolytic enzymes [149, 150].  One of the major enzymes involved 

in anaerobic metabolism is lactate dehydrogenase (LDH), which will be discussed further in this section 

(Section 2.9.1). 

 

 

2.9.1 Lactate dehydrogenase 

 

LDH is an enzyme found in a variety of tissues, including heart, skeletal muscle and liver.  LDH is composed 

of four subunits of two molecules, M (muscle) and H (heart), and there are five different iso-enzymes made 

from different combinations of these molecules [151].  The iso-enzyme found in the liver is LDH-5, which 

is composed of four M subunits.  During anaerobic glycolysis, LDH is responsible for reducing pyruvate 

(final product of glycolysis) to lactate and is essential for anaerobic metabolism [152].  The lactate produced 

in skeletal muscle during exercise is transported to the liver where it is converted to glucose in the Cori 

cycle [147].  The glucose is then returned to the skeletal muscle for utilization.  Other than anaerobic 

metabolism, LDH is also commonly used as a surrogate measure of tissue breakdown, such as haemolysis 

and tissue turnover [147].  However, if there is decreased LDH activity leading to decreased anaerobic 
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capacity, this would further propagate the resulting acidosis as protons are consumed during ATP production.  

If steatotic livers also have impaired anaerobic capacity, they will not be able to generate ATP efficiently 

during ischemia and this may further explain the increased susceptibility of steatotic livers to IRI. 

 

 

2.10 Mitochondrial function analysis 

 

Mitochondrial dysfunction has been implicated in a variety of pathologies [13].  This finding has led to 

development of various methods for MF analysis [153].  As these methods measure mitochondrial 

respiration or oxygen consumption, these methods are generally called ‘respirometry’ or ‘oxygraphy’.  The 

following section will discuss common methods of MF analysis and also review some of the common 

terminologies used in MF analysis. 

 

 

2.10.1 Traditional polarographic respirometry 

 

Respirometry is based on analysing oxygen concentration in a closed chamber while oxygen is consumed 

by the sample [153].  The oxygen concentration is measured by a Clark electrode, which contains a 

gold/platinum cathode and a silver/silver chloride anode separated by potassium chloride solution [154].  

These two half cells are separated from the sample solution by an oxygen-permeant membrane.  Oxygen 

diffuses from the sample solution through the membrane and gets reduced to water by electrons at the 

cathode, and a hydroxide is formed as a result.  The hydroxide then oxidises the silver resulting in a silver 

precipitate at the anode with a resultant current that is proportional to oxygen partial pressure in the sample 

solution.  Sensors are calibrated to air and zero oxygen concentration (dithionite).  Oxygen concentration of 

the sample can be calculated from the partial pressure of oxygen if the oxygen solubility of the medium is 

known.  As the oxygen solubility of the medium is a function of temperature and salt concentration, 

regulation and maintenance of temperature is a key aspect for these instruments [153]. 

 

The Clark electrode allows measurement of oxygen concentration over time and produces an oxygraph slope 

which is a measure of oxygen consumption within the experimental solution.  Recent improvements in 

hardware and analytical software have minimised experimental artefacts of the traditional polarographic 

sensors [155].  However, oxygen traces from the traditional polarographic respirometry have limited 
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information on sensitivity and accuracy of the rate of mitochondrial respiration.  Additionally, traditional 

polarographic sensors are not sensitive enough for mitochondrial kinetic studies [156]. 

 

 

2.10.2 High resolution respirometry 

 

High resolution respirometry is a comparatively recent development in MF analysis [156].  The 

recognition of MD in a wide range of pathologies led to demands on techniques that can detect subtle 

changes in MF with high resolution and sensitivity.  As these demands could not be met by traditional 

polarographic sensors, it led to development of a new concept: high resolution respirometry [157].  This 

was first established by Gnaiger et al. whom designed the Oroboros Oxygraph (OROBOROS Instruments, 

Innsbruck, Austria; Figure 2) and recently updated to Oroboros Oxygraph 2K [156].  Oroboros Oxygraph 

2K has a large chamber (2cm3) to eliminate artefacts from measuring small sample volume in 

microchambers (~1cm3) on the traditional respirometry.  The high resolution respirometer features highly 

sensitive electrodes, minimisation of oxygen diffusion, minimisation of oxygen binding components and 

advanced electronics.  These features results in instantaneous recording of oxygen consumption within the 

media [156, 157].  Additionally, the materials in contact with the experimental medium are diffusion tight 

to prevent oxygen back-diffusion from the coating material into the medium when oxygen concentration 

decreases in the chamber.  The oxygen sensors provide long-term signal stability and have the ability to 

detect minute oxygen concentration changes up to 0.005μM.  The electronics include Peltier temperature 

regulation ranging 2-45°C (±0.001°C) and stirrers to ensure homogenous mixing of the experimental 

medium [153].  Importantly, the high resolution respirometry provide the possibility of accurate MF 

analysis in small sample sizes such as <1 mg of fresh skeletal muscle tissue, 2 mg of liver samples or 

<0.05 mg mitochondrial protein which is significantly less than the amount used in traditional 

polarographic methods [153, 158].  The small amount of sample required means that the oxygen 

consumption in the closed chamber is slower, thus provides researchers the time to carefully evaluate MF 

through various mitochondrial pathways.  The software (Datlab, OROBOROS Instruments, Innsbruck, 

Austria) calculates oxygen flux as the time derivative of oxygen concentration (pmol O2 per second per 

unit of sample).  An example of an oxygraph trace is shown in Figure 3. 
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Figure 2 Oroboros oxygraph as a tool for high resolution respirometry 

 

 

 

Figure 3 Oxygraph trace  

 

A typical oxygraph trace obtained using rat liver homogenate and the blue line indicates oxygen concentration while red line 

indicates oxygen flux.  The titration protocol consisted of Complex I (CI) supporting substrates (GMP, LEAKCI) followed by 

addition of ADP (OXPHOS-CI) then rotenone (CI inhibitor).  Succinate (S) was added to assess Complex II (CII) respiration 

(OXPHOS-CII) before addition of oligomycin (oli, LEAKCII), ATPase inhibitor.  FCCP was added to assess ETS capacity before 

addition of antimycin a (Complex III inhibitor).   

ADP, Adenosine diphosphate; Anta, Antimycin A; ETS, Electron transport system; GMP, Glutamate, malate and pyruvate; F3, 

FCCP; LEAK, Leak respiration (Oxygen flux compensating for proton leak across mitochondrial membrane); Oli, Oligomycin; 

OXPHOS, Oxidative phosphorylation; Rot, Rotenone; S, Succinate  
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2.10.3 Tissue preparation for mitochondrial function analysis 

 

Conventionally, MF analyses have been performed in mitochondria isolated from tissue samples [158, 159].  

This process involves differential centrifugation of tissue homogenates and allows in vitro MF analysis.  

However, the mitochondrial isolation process poses several disadvantages: i) the isolation steps affect the 

properties of the mitochondria, ii) fragile and/or damaged mitochondrial subpopulations may be lost through 

the isolation, iii) requires large amount of tissue samples (usually >500 mg), and iv) normal mitochondrial 

networks are disrupted by the isolation process [159, 160].  As a result, ex vivo MF analysis has been 

developed as the most physiologically appropriate approach.  A major limitation of this approach was that 

the mitochondrial membrane is impermeable to the substrates or inhibitors used during MF analysis.  This 

led to development of tissue/cell permeabilisation or homogenization [158, 160, 161].  These methods 

provide distinct advantages compared to previous mitochondrial isolation such as: i) mitochondria is 

analyzed within their physiological surroundings, ii) mitochondrial heterogeneity is preserved, iii) small 

amount of tissue samples required (less than 1-2 mg), and iv) avoids processing delays from isolation steps 

[159, 160].  Thus, there has been a shift in research laboratories from utilizing conventional mitochondrial 

isolation method to permeabilisation or homogenization. 

 

Tissue permeabilisation can be performed by mechanical or chemical means.  Mechanical permeabilisation 

involves dissection of tissue samples into small fragments (0.1-0.2 mm) with sharp forceps [158].  This 

increases surface area and allows mitochondrial access of substrates, inhibitors and ADP.  Chemical 

permeabilisation utilizes digitonin or saponin, detergents that permeabilise cellular membranes by targeting 

cholesterol [162].  Due to the low cholesterol content, the chemical permeabilisation permits studies of 

intracellular organelles without disturbing mitochondria.  With the correct concentration of detergent, it also 

allows analysis of in situ function of the total mitochondrial population.  Tissue homogenization provides a 

means for rapid simultaneous sample processing and presents the sum of the entire mitochondrial population 

for analysis [160].  Generally, a sample is placed into media and homogenised with one of many available 

tissue homogenisers.   

 

 

2.10.4 Common terminologies in mitochondrial studies 

 

Using different substrate/inhibitor protocols, it is possible to test oxygen flux through different respiratory 

complexes within the ETS and estimate respiration efficiencies [153].  CI substrates are derived from TCA 
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dehydrogenase reactions and release NADH, while Complex II (CII), which is part of the TCA enzyme 

succinate dehydrogenase (SDH), is directly fuelled by succinate.  Other substrates such as electron 

flavoproteins can fuel different complexes and selective inhibition using specific poisons can isolate each 

ETS and OXPHOS complex [163].  The efficiency of respirational flux can also be estimated by testing 

State 4 respiration (non-phosphorylating respiration state, LEAK) and State 3 respiration (OXPHOS or 

ADP-stimulated respiration [164]), and deriving a ratio termed the Respiratory Control Ratio (RCR).  RCR 

consists of State 3 respiration flux relative to State 4 respiration (OXPHOS/LEAK) and is a measure of the 

degree of coupling or intactness of the mitochondrial ETS [165].  Essentially the higher or lower the ratio, 

the more or less respectively of overall respiration contributes to ATP synthesis.  An additional measure of 

efficiency is the phosphate/oxygen (P/O) ratio, which is an estimate of the amount of ATP formed per 

molecule of oxygen consumed.  Following measurement of OXPHOS, oligomycin can be added to the 

sample to inhibit ATP-synthase and effectively prevent OXPHOS (resting or LEAK state).  Subsequent 

addition of FCCP in separate small titration volumes results in measurement of the maximum mitochondrial 

uncoupled flux (maximal capacity of ETS, uncoupled state) [153].  Residual oxygen consumption (ROX) 

can then be measured with the addition of inhibitors such as rotenone (CI inhibitor) and antimycin A 

(Complex III inhibitor), and is generally due to non-mitochondrial oxygen consumption.  To assay CIV 

(CCO), researchers can use the artificial electron donor system of N,N,N0,N0-tetramethyl-p-

phenylendiamine (TMPD) with ascorbate.  These terminologies are summarized in Table 1.  These 

substrates and inhibitors can be used in different combinations to allow researchers to investigate various 

aspects of mitochondrial ETS depending on the research question. 
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Table 1 Terminologies common to mitochondrial function analysis 

ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; CCO, Cytochrome c oxidase; CI, Complex I; CII, Complex II; 

CIV, Complex IV; ETS, Electron transport system; FCCP, Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; LEAK, 

Leak respiration or State 4 respiration; OXPHOS, Oxidative phosphorylation or State 3 respiration; P/O, Phosphate/oxygen; 

RCR, Respiratory Control Ratio; ROX, Residual oxygen consumption; TMPD, N,N,N0,N0-tetramethyl-p-phenylendiamine 

Common terminologies Description 

CIV or CCO Measurement of CIV respiratory function with addition of TMPD and ascorbate 

ETS capacity Measurement of the maximum respiratory ETS capacity by addition of FCCP 

P/O ratio Estimate of amount of ATP formed per molecule of oxygen 

ROX 
Respiration due to oxidative reactions that remain after addition of mitochondrial 

inhibitors such as rotenone and antimycin A 

RCR 
Measure of the degree of coupling or intactness of mitochondrial ETS. 

Calculated as OXPHOS divided by LEAK. 

Resting or LEAKOli LEAK state induced by addition of oligomycin to inhibit ATP synthase 

LEAKCI LEAK respiration with addition of CI substrates but without addition of ADP 

LEAKCII LEAK respiration with addition of CII substrates 

State 4 respiration  

(LEAK) 

The non-phosphorylating intrinsic respiration state when oxygen flux is used to 

compensate for proton leak 

State 3 respiration 

(OXPHOS) 

ADP-stimulated respiration or respiratory capacity of mitochondria at saturating 

concentrations of ADP, inorganic phosphate, oxygen and defined reduced substrates 
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2.11 History of ischemic preconditioning 

 

A number of different strategies have been proposed to ameliorate the negative impact of IRI, including 

IPC.  IPC was first described in rat kidneys in 1984 [166] and subsequently, in dog myocardium in 1986 

[167].  Both groups showed that a brief initial phase of ischemia and reperfusion (preconditioning) prior to 

a period of prolonged ischemia led to decreased tissue damage and greater functional outcome.  IPC 

generally involves a short period of ischemia (5-10 minutes) followed by a brief period of reperfusion (5-

15 minutes) prior to prolonged ischemia.  For the first 15 years, IPC was exclusively used in experimental 

animals in order to understand its pathophysiology and mechanism of actions [18].  The effect of IPC has 

been investigated in various organ systems including the liver to assess whether it confers similar benefit 

[17].  The effect of IPC in hepatic IRI was first described in 1993 and showed that occlusion of the portal 

triad for 5 minute followed by 10 minute of reperfusion prior to 90 minutes of ischemia led to improved 

survival and hepatic function in a rodent model [19].  Since then, there has been extensive research into the 

role of IPC in hepatic IRI. 

 

The first clinical study to show the potential benefit of IPC in liver IRI was published in 2000 [20].  In the 

same study, IPC was also effective in steatotic livers.  Since then, IPC has remained a readily applicable 

technique in clinical practice.  As steatotic livers are more susceptible to IRI (Section 2.6), IPC is an 

attractive and simple strategy to attenuate the impact of IRI on steatotic livers.  The impact of IPC on 

outcome in clinical liver surgery will be discussed in Chapter 7.   

 

 

2.12 Potential mechanisms of ischemic preconditioning 

 

The protective duration of IPC can be defined as “acute phase” and “delayed preconditioning” [168].  The 

acute phase spans from the onset of reperfusion and lasts up to 2 hours, whereas the delayed protection 

spans from 24 hours post-reperfusion and lasts up to 3 days.   For IPC to be effective, there needs to be a 

minimum of 1 minute of reperfusion prior to induction of prolonged ischemia.  The beneficial effect of IPC 

is lost if the duration of prolonged ischemia extends beyond 60 minutes [168].  IPC acts predominantly via 

a receptor-targeting mechanism [18].  This then releases molecules such as adenosine and NO that contribute 

to the preconditioning effect.  The precise mechanism of IPC effect remains unknown, but there have been 

several pathways implicated.  These include preservation of ATP levels, up-regulation of antioxidant 

systems, and improvement of microcirculation [17, 18, 169].   
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Adenosine is a breakdown product of ATP during ischemia.  Adenosine inhibits leucocyte adhesion, 

decreases the expression of adhesion molecules, suppresses ROS production [18], and acts as a potent 

vasodilator.  The level of adenosine was up-regulated by IPC [170].  The increased levels of adenosine 

would lead to decreased oxidative stress, improved microcirculation and decreased inflammation [17].  IPC 

also induces release of NO [17].  Increased NO prevents platelet and neutrophil activation and subsequent 

ROS synthesis.  Additionally, NO is also a potent vasodilator.  As a result, hepatic perfusion is significantly 

improved by IPC due to the increased release of adenosine and NO levels [171].  IPC is associated with 

preservation of ATP levels [172].  This is thought to be a result of either decreased cellular metabolism or 

increased ATP synthesis capacity.  The subsequent increased levels of ATP prevent necrosis and reduction 

of cellular damage.   

 

Despite extensive studies, the effect of IPC on mitochondrial function is unknown [173].  The mechanisms 

involved in mitochondrial protection appear to be via molecular signals such as adenosine and NO [174].  

Additionally, IPC has been shown to decrease mitochondrial oxidative-reperfusion damage [175] and 

preserved mitochondrial redox state [176].  However, the actual effect of IPC on mitochondrial respiration 

(i.e. mitochondrial ETS function and activity) is poorly understood.  Further studies into the impact of IPC 

on mitochondrial respiration are warranted to improve our understanding into this potential therapeutic 

adjunct in hepatic surgery. 

 

 

2.13 Summary 

 

Hepatic steatosis is a common disorder with complex aetiology.  Histological assessment remains the gold 

standard of assessing hepatic steatosis.  Non-invasive techniques appear promising but are expensive and 

not feasible during urgent liver transplantation.  Hepatic steatosis is a major risk factor for poor patient 

outcome following liver surgery, as they appear to be less tolerant to IRI.  Bioenergetic impairment, 

especially MD, plays a major role in this decreased tolerance.  Improved understanding of the role of 

bioenergetics and steatotic livers will better identify those patients at the greatest risk of IRI.  Moreover, 

therapeutic interventions may be better targeted at decreasing the deleterious effects of IRI in steatotic livers 

in liver surgery and transplant.  One such strategy, IPC, has shown promise in improving outcome in liver 

surgery.  However, the exact bioenergetic mechanism underlying the effect of IPC is yet to be determined.    
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Chapter 3   

The impact of hepatic steatosis on hepatic ischemia-reperfusion injury in 

experimental studies: a systematic review 

 

 

3.1 Introduction 

 

Non-alcoholic fatty liver disease (NAFLD) can present in a range of pathological states from hepatic 

steatosis to cirrhosis (Chapter 2).  Hepatic steatosis, the early stage of NAFLD, is the most common 

chronic liver disease in the Western world with an estimated prevalence of 20-24% (Section 2.2).  As 

hepatic steatosis is considered the hepatic manifestation of the metabolic syndrome, its’ prevalence is 

expected to rise in parallel with the increasing epidemic of obesity and the metabolic syndrome (Section 

2.2).  The number of patients with hepatic steatosis requiring hepatic surgery will increase dramatically 

over the next decade.   

 

Hepatic steatosis is associated with poor outcome following liver surgery [177, 178].  In OLT, severe 

(>60%), and in some series moderate (30-60%), steatosis of the donor organ is associated with increased 

rates of graft failure [60, 177, 179].  Similarly, complication rates following liver resection are 2-3 folds 

higher in patients with moderate-severe hepatic steatosis [178, 180].  The cause for this worse outcome is 

unknown.  It has been postulated that steatotic livers are less tolerant of IRI (Section 2.6).  The liver is 

subjected to various types of IRI during hepatic surgery [86], including warm IRI in hepatic resection 

when hepatic inflow is temporarily occluded or cold-rewarming IRI when a donor liver is reperfused 

during OLT.  If severe, IRI can lead to liver failure and death [5, 84].  The reason for the increased 

susceptibility of steatotic livers to IRI is not known.  Several different hypotheses have been proposed to 

explain the increased susceptibility, including impaired hepatic microcirculation and MD (Section 2.6).  

Macrovesicular steatosis is associated with accumulation of intra-cellular lipid, increasing hepatocyte 

volume leading to obstruction of the adjacent sinusoid space and increasing the vascular resistance in the 

hepatic microcirculation (Section 2.6).  This may potentially impair oxygen and nutrient delivery 

following reperfusion to an already susceptible organ.  The increased lipid levels in steatotic livers may 

also lead to MD through the formation of ROS [181, 182].  Mitochondrial energy supply is fundamental to 

cellular viability, and the interruption of key mitochondrial processes disrupts normal cellular 

bioenergetics, impairs cellular function and subsequently leads to cell death by either necrosis or apoptosis 
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[14].  Other potential mechanisms that have been proposed include Kupffer cell dysfunction and impaired 

leucocyte adhesion (Section 2.6).  It is likely that the increased vulnerability of steatotic livers is multi-

factorial.   

 

There is no overview of the evidence relating the degree of hepatic steatosis and outcome following IRI.  

Defining this clinical relationship is imperative in order to characterize the underlying mechanism of 

increased vulnerability of steatotic livers to IRI.  The aim of this study is to systematically review the 

literature and describe from the available evidence, the association of steatosis with outcome following 

hepatic IRI in experimental studies. 

 

 

3.2 Methods 

 

 

3.2.1 Identification of papers 

 

An electronic search was performed of the Ovid MEDLINE and Embase databases from January 1946 to 

June 2012 using the following MeSH headings (/) and keywords (.mp); [(Fat$ or steato$) and (liver or 

hepatic)].mp; ischemia/ OR reperfusion injury/ OR ischemia reperfusion.mp.  The search was limited to 

articles published in the English language.   

 

 

3.2.2 Selection criteria 

 

The search aimed to identify all studies that reported on the outcome of animals with hepatic steatosis that 

were subjected to IRI.  Studies were excluded if they (i) included subjects with NASH rather than simple 

steatosis, (ii) used genetically modified animals to induce hepatic steatosis, (iii) were not original research 

(systematic review, narrative review, commentary or editorial), (iv) did not report severity and/or type of 

hepatic steatosis, (v) did not report clinically relevant outcomes (graft or recipient survival, histological 

findings or liver functions tests, LFT).  NASH was defined as steatosis with hepatocellular injury and 

inflammation without fibrosis [1].  Genetically modified animals were excluded as the mutations used to 

induce steatosis (leptin deficiency or leptin-receptor dysfunction) are not prevalent in humans and the 

pathophysiology of hepatic steatosis in these animals does not mimic NAFLD in humans [183, 184].  
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3.2.3 Data analysis 

 

Potential articles were identified using the above search strategy.  Their titles and abstracts were manually 

screened by the primary reviewer.  Eligible articles were retrieved and screened in depth for eligibility and 

data extraction using a standardized pro forma.  Discrepancies were adjudicated independently by the 

supervisors.  Duplicate studies were excluded and publications with overlapping study populations, the 

publication with the largest number of subjects was included.  Information obtained included type of 

animal model, severity and type of steatosis, duration and type of hepatic IRI (partial/total, warm/cold) 

and outcome (recipient survival, histology or LFT).    

 

 

3.3 Results 

 

 

3.3.1 Selected papers 

 

A total of 477 and 837 articles were identified in Medline and Embase, respectively.  After the exclusion 

of duplicates, 1233 abstracts were screened and 84 manuscripts were obtained for further evaluation.  An 

additional 5 manuscripts were identified from searching the reference lists.  A total of 33 manuscripts 

fulfilled the inclusion criteria as illustrated in Figure 4 and formed the basis of this study.  Among the 33 

studies, 18 examined warm IRI, 14 looked at cold IRI and 1 study investigated both warm and cold IRI 

(Table 2-Table 9). 

 

 

3.3.2 Results of selected studies 

 

3.3.2.1 Warm ischemia-reperfusion injury (Table 2-Table 4) 

 

Nineteen studies examined the effect of warm IRI in hepatic steatosis.  The majority (16/19) were performed 

on rodents; rats (n=12) and mice (n=4).  Hepatic steatosis was induced using dietary modifications with 

choline-deficient diet (CDD, n=8), high-cholesterol diet (HCD, n=3), high-fat diet (HFD, n=3), dextrose 

with cholesterol (D-C, n=2), choline-methionine deficient diet (CMDD, n=1), protein-free diet (PFD, n=1) 

and a combination of high-fat and CMDD (n=1) (Table 2- Table 4).  A control group, receiving a standard 
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diet, was included in 15 (79%) studies.  Moderate (>30%) steatosis was present in 18 studies.  Mild steatosis 

(<30%) was present in the remaining study.  Macrovesicular steatosis was present in 14 studies, MiS in 2, 

and mixed macro- and microvesicular steatosis in 3 studies.  Eight studies used partial vascular occlusion 

to the median and left liver lobes to induce hepatic ischemia to 70% of the liver (Table 2- Table 4).  Six 

studies used total vascular occlusion while the remaining 5 studies performed partial vascular occlusion to 

70% of the liver and resected the non-ischemic lobes (30% of the liver) at the onset of reperfusion (Table 

2-Table 4) [185-189].  The most common duration of warm ischemia was 60 minutes (n=10; range 15–90 

minutes).  There was a wide variation in the duration of reperfusion from 30 minutes (n=2), 40 minutes 

(n=1), 60 minutes (n=3), 120 minutes (n=4), 180 minutes (n=2), 240 minutes (n=3), 360 minutes (n=1), 480 

minutes (n=1), 720 minutes (n=1), 840 minutes (n=1) to 24 hours (n=7).  Outcome measures included 

survival (n=9, Table 2), histology (n=12, Table 3) and LFT (n=17, Table 4).  

 

 

3.3.2.2 Cold ischemia-reperfusion injury (Table 5-Table 9) 

 

Fifteen studies examined the effect of cold IRI in hepatic steatosis.  The majority (14/15) were performed 

on rodents; rats (n=12) and mice (n=2).  Hepatic steatosis was induced using dietary modifications with 

CDD (n=5), HFD (n=4), CMDD (n=3), and a period of fasting followed by a period of fat-free diet 

enriched with carbohydrate (FFD-C, n=3) (Table 5-Table 9).  A control group of animals fed a standard 

diet was included in 11 (73%) studies.  Moderate (>30%) steatosis was present in 13 studies and 2 studies 

presented with mild (<30%) steatosis.  Macrovesicular steatosis was present in 9 studies and MiS in 1 

study with the remainder having a mixed picture.  Following cold ischemia, 7/15 was reperfused in vivo 

using an OLT model (Table 5-Table 7).  The remaining 8 studies reperfused ex vivo using a normothermic 

liver perfusion circuit – isolated perfused liver model (IPM, Table 8 and Table 9).  The duration of cold 

ischemia varied from 33 minutes to 24 hours, with 24 hours being used in 4 (27%) studies.  The majority 

of organs were flushed with UW solution (n=8), and all organs were stored for the duration of cold 

ischemia at 4°C on ice.  Outcome measures included survival (n=7, Table 5), histology (n=8, Table 6 and 

Table 8) and LFT (n=12, Table 7 and Table 9).   
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Figure 4 Quality of reporting of meta-analyses (QUORUM) Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n, number of papers 

1IRI, ischemia-reperfusion injury 

2NASH, non-alcoholic steatohepatitis 

3Clinically relevant outcome (Graft/recipient survival, histology or liver function test) 

4Ex vivo storage excluded as the liver was stored ex vivo at 37°c and does not mimic clinical warm ischemia

Potentially relevant abstracts identified 

n = 1314 

Abstracts excluded (n = 1230) 

- Did not report hepatic IRI1 in  

steatotic livers   = 717 

- Not original research articles = 344 

- Duplicates    = 81 

- Genetically modified animals = 68 

- Clinical studies   = 17 

- Investigated NASH2  = 3 

 Manuscripts retrieved for detailed 

evaluation 

n = 84 

Manuscripts identified from searching 

reference lists     

n = 5 

Potentially appropriate manuscripts       

n = 89 

Manuscripts meeting the inclusion criteria 

n = 33 

Manuscripts excluded in systematic review  

n = 56 

- Genetically modified animals   = 26 

- No description of severity/type 

of hepatic steatosis    = 19 

- Investigated NASH2   = 3 

- No clinically relevant outcome3   = 3 

- Duplicate population   = 3 

- Ex-vivo storage for warm ischemia4   = 1 

- Ethanol-derived fatty liver disease   = 1 
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Table 2 Survival outcome in experimental models of hepatic warm ischemia-reperfusion injury and hepatic steatosis 

CDD, Choline-deficient diet; HFD, High fat diet; MaS, Macrovesicular steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis  

1p < 0.05 versus lean livers 

2No lean group in study 

 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 
Duration of ischemia 

(mins, type of ischemia) 
Duration of 

reperfusion (hours) 
Survival of steatotic 

livers (lean livers) 

Ellett et al [190] Mouse HFD 30-60 MaS 35 (total) 24 hours 31% (85%)1 

Yamagami et al [191] Rat2 CDD 40-60 MaS 45 (total) 7 days 33.3% 

He et al [192] Mouse HFD 50-60 MaS 45 (total) 24 hours 33% (100%)1 

Caraceni et al [186] Rat CDD 50-60 MaS 60 (total) 7 days 60% (100%)1 

Selzner et al [104] Mouse CDD >60 Mixed 60 (total) 14 days 80% (100%)1 

Caraceni et al [188] Rat CDD >60 MaS 60 (total) 7 days 64% (100%)1 

Hakamada et al [189] Rat CDD >60 MaS 30, 60 or 90 (total) 7 days 
95%, 10% and 5%  

(100%, 90% and 35%)1 

Hui et al [193] Rat CDD >70 MaS 30, 45 or 60 (total) 7 days 
75%, 20% and 0 

(100%, 90% and 70%)1 

Takahashi et al [194] Canine HFD 7 - 99 MaS 60 (total) 24 hours 
100% in <30% MaS 

0 in >30% MaS (100%)1 
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Table 3 Histological findings in experimental models of hepatic warm ischemia-reperfusion injury and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins, type) 

Duration of 

reperfusion 

(mins) 

Outcome 

measures 
Results in steatotic livers (lean 

livers) 

Yamada et al [195] Rat D-C 30-60 MiS 30 (partial) 240 HIS 5 (5)1 

Yamada et al [196] Rat D-C 30-60 MiS 30 (partial) 24 hours HIS 6 (6)1 

Ellett et al [190] Mouse HFD 30-60 MaS 35 (total) 24 hours HIS 
1.4 ± 0.1  

(0.4 ± 0.1)2 

Yamagami et al [191] Rat3 CDD 40-60 MaS 45 (total) 40 or 180 Histo Severe congestion & necrosis 

He et al [192] Mouse HFD 50-60 MaS 45 (total) 24 hours HIS 
1.8 ± 0.2  

(0.9 ± 0.1)2 

Marsman et al [187] Rat CMDD >60 MaS 40 (total) 24 hours 
Histo  

(% necrosis) 
37 ± 10  

(5 ± 1%)2 

Andraus et al [197] Rat PFD >60 MaS 60 (partial) 240 Histo ↑Intraparenchymal haemorrhage 

Selzner et al [104] Mouse CDD >60 Mixed 
45 or 60 

(partial) 
24 hours 

Histo  
(% necrosis) 

65 ± 24%  
(25 ± 12%)2 

Caraceni et al [188] Rat CDD >60 MaS 60 30 to 24 hours Histo 
↑Sinusoidal congestion  

& necrosis 

Hakamada et al [189] Rat CDD >60 MaS 30 or 60 (total) 360 Histo 
↑Sinusoidal congestion  

& necrosis 

Hui et al [193] Rat CDD >70 MaS 30, 45 or 60 60 Histo 
Severe necrosis and haemorrhage  

(No morphological change) 

Takahashi et al [194] Canine HFD 7 - 99 MaS 60 24 hours Histo 
↑Sinusoidal congestion  

& necrosis 
CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; D-C, Dextrose with cholesterol; HFD, High fat diet; HIS, Histological injury score; Histo, Histology; 

MaS, Macrovesicular steatosis; MiS, Microvesicular steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis; PFD, Protein-free diet 

1No significant difference between steatotic and lean livers 

2p < 0.05 versus lean livers 

3No lean group in study
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Table 4 Liver function tests in experimental models of hepatic warm ischemia-reperfusion injury and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins, type) 

Duration of 

reperfusion 

(mins) 

Outcome 

measures 
Results in steatotic livers  

(lean livers) 

Luo et al [198] Mouse 
HFD + 

CMDD 
<30 Mixed 15 (total) 180 

ALT 
AST 

450 ± 100 (120 ± 10 IU/L)1 
480 ± 100 (210 ± 20 IU/L)1 

Domenicali et al [185] Rat2 CDD >30 MaS 60 (total) 120 ALT 7500 ± 500 IU/L 

Yamada et al [195] Rat D-C 30-60 MiS 30 (partial) 240 ALT 4590 ± 811 (4951 ± 788 IU/L)3 

Yamada et al [196] Rat D-C 30-60 MiS 30 (partial) 24 hours ALT 476 ± 244 (368 ± 97 IU/L)3 

Ellett et al [190] Mouse HFD 30-60 MaS 35 (total) 24 hours ALT 290 ± 120 (130 ± 30 IU/L) 

Koti et al [199] Rat2 HC 30-60 MaS 45 (partial) 120 
ALT 
AST 

5436.3 ± 984.7 IU/L 
3166.3 ± 379.6 IU/L 

Yamagami et al [191] Rat2 CDD 40-60 MaS 45 (total) 40 or 180 
ALT 
AST 

518.7 ± 80.3 IU/L 
467.7 ± 185 IU/L 

He et al [192] Mouse HFD 50-60 MaS 45 (total) 24 hours ALT 180 ± 10 (80 ± 5 IU/L)1 

Fusai et al [200] Rabbit2 HC 30-60 MaS 60 (partial) 360 ALT 280 ± 10 U/ml 

Hafez et al [201] Rabbit2 HC 30-60 MaS 60 (partial) 420 
ALT 
AST 

178 ± 34 IU/L 
406 ± 86 IU/L 

Caraceni et al [186] Rat CDD 50-60 MaS 60 (total) 120 ALT 4000 ± 300 IU/L (1000 ± 50 IU/L)1 

Marsman et al [187] Rat CMDD >60 MaS 40 (total) 24 hours 
ALT 
AST 
Bili 

1500 ± 200 (500 ± 100 IU/L)1 

↑AST (Data not shown)1 

14 ± 3 (6 ± 1 μmol/L)1 

Selzner et al [104] Mouse CDD >60 Mixed 
45 or 60 

(partial) 
24 hours AST 16566 ± 5731 (500 ± 3395 IU/L)1 

Caraceni et al [188] Rat CDD >60 MaS 60 
30 to 24 

hours 
ALT 8106 ± 1125 (3872 ± 400 IU/L)1 

Hakamada et al [189] Rat CDD >60 MaS 
30 or 60 

(total) 
360 

ALT 
Bili 
PT 

1851.4 ± 66.2 (1861.5 ± 212.6 IU/L)4 

0.67 ± 0.1 (0.14 ± 0.02)1 

21.0 ± 0.9 (18.4 ± 1.3)4 

Rolo et al [22] Rat CDD >60 Mixed 90 (partial) 12 hours 
ALT 
AST 

1820 ± 5 (1450 ± 20 IU/L)1 
1790 ±  100 (1190 ± 100 IU/L)1 
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Takahashi et al [194] Canine HFD 7 - 99 MaS 60 24 hours ALT 1400 ± 50 (600 ± 50 IU/L)1 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; Bili, Bilirubin; CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; D-C, Dextrose with 

cholesterol; HC, High cholesterol; HFD, High fat diet; MaS, Macrovesicular steatosis; MiS, Microvesicular steatosis; Mixed, Presence of both macrovesicular and 

microvesicular steatosis; PT, Prothrombin time  

1p < 0.05 versus lean livers 

2No lean group in study 

3No significant difference between steatotic and lean livers 

4ALT and PT were significantly higher in steatotic livers compared to lean livers after 30 minutes of ischemia but not after 60 minutes of ischemia 
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Table 5 Survival outcome in experimental models of orthotopic liver transplantation and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 
Duration of 

ischemia (mins) 
Perfusate 

Duration of 

reperfusion (mins) 
Survival of recipients of 

steatotic livers (lean livers) 

Astarcioglu et al [202] Rat CDD 30-60 MaS 60 or 540 ns 7 days 87.5 and 0 (100 and 100%)1 

Hayashi et al [94] Rat CDD 30-60 MaS 60 to 540 UW Up to 7 days 0 (75%)1 

Cheng et al [203] Rat2 CMDD 
<30 to  

>30 
Mixed 33-39 UW ns 33.3% (100%)1,3 

He et al [192] Mouse HFD 50-60 MaS 180 Saline 7 days 0 (40%)1 

Schmeding et al [204] Rat2 CDD >50 MaS 720 UW Up to 7 days 68% 

Berthiaume et al [205] Rat CMDD >60 MaS 720 UW Up to 7 days 0 (85%)1 

Morioka et al [206] Rat HFD 40-50 Mixed 120 HTK 7 days ↓Survival4 

CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; HFD, High fat diet; HTK, Histidine-tryptophan-ketoglutarate solution; MaS, Macrovesicular steatosis; 

Mixed, Presence of both macrovesicular and microvesicular steatosis; ns, Not stated; Saline, Normal saline solution; UW, University of Wisconsin solution   

1p < 0.05 versus lean livers 

2No lean group in study 

3Decreased survival in >60% macrovesicular steatosis compared to <60% macrovesicular, >60% microvesicular steatosis or >60% mixed steatosis 

4Decreased survival in recipients of 30 and 70% steatotic liver volume compared to recipients of volume matched-lean livers 
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Table 6 Histological finding in experimental models of orthotopic liver transplantation and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 
Perfusate 

Duration of 

reperfusion 

(mins) 

Outcome 

measures 

Results in recipients 

of steatotic livers 

(lean livers) 

Astarcioglu et al [202] Rat CDD 30-60 MaS 60 or 540 ns 120 Histo ↑Parenchymal injury 

Hayashi et al [94] Rat CDD 30-60 MaS 60 to 540 UW Up to 7 days Histo 
↑Sinusoidal congestion 

&  necrosis 

He et al [192] Mouse HFD 50-60 MaS 180 Saline 24 hours HIS 2.4 ± 0.05 (1.8 ± 0.05)1 

Schmeding et al [204] Rat2 CDD >50 MaS 720 UW Up to 7 days Histo Severe necrosis 

Morioka et al [206] Rat HFD 40-50 Mixed 120 HTK 48 hours Histo 
↑Sinusoidal congestion 

& necrosis 
CDD, Choline-deficient diet; HFD, High fat diet; Histo, Histology; HIS, Histological injury score; HTK, Histidine-tryptophan-ketoglutarate solution; MaS, Macrovesicular 

steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis; ns, Not stated; Saline, Normal saline solution; UW, University of Wisconsin solution 

1p < 0.05 versus lean livers 

2No lean group in study 
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Table 7 Liver function tests in experimental models of orthotopic liver transplantation and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 
Perfusate 

Duration of 

reperfusion 

(mins) 

Outcome 

measures 

Results in recipients of 

steatotic livers  
(lean livers) 

Astarcioglu et al [202] Rat CDD 30-60 MaS 60 or 540 ns 120 

ALT 
 

AST 
 

Bile 

production 

1640 ± 482  
(396 ± 54 IU/L)1 

2270 ± 684  
(580 ± 70 IU/L)1 

6.2 ± 0.5  
(23.8 ± 1.8 cm/10 min)1 

He et al [192] Mouse HFD 50-60 MaS 180 Saline 24 hours ALT 
10000 ± 1500  

(5000 ± 200 IU/L)1 

Schmeding et al [204] Rat2 CDD >50 MaS 720 UW Up to 7 days 
ALT 
AST 

1200 ± 900 IU/L 
1500 ± 1200 IU/L 

Morioka et al [206] Rat HFD 40-50 Mixed 120 HTK 48 hours ALT 700 (200 IU/L)1 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; CDD, Choline-deficient diet; HFD, High fat diet; HTK, Histidine-tryptophan-ketoglutarate solution; MaS, 

Macrovesicular steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis; ns, Not stated; Saline, Normal saline solution; UW, University of Wisconsin 

solution 

1p < 0.05 versus lean livers 

2No lean group in study 
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Table 8 Histological finding in experimental models of isolated perfused model and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 
Duration of 

ischemia (mins) 
Perfusate 

Duration of 

reperfusion (mins) 
Outcome 

measure 
Effect of 

hepatic steatosis 

von Heesen et al [207] Rat FFD-C 40-50 MaS 24 hours HTK 60 Histo ↑Necrosis  

Baskin-Bey et al [208] Mouse CMDD >40 MaS 24 hours UW 60 Histo ↑Liver injury 

Arnault et al [209] Rat HFD 80-100 MiS 
12, 18 or 24 

hours 
UW 180 Histo ↑Haemorrhage1 

CMDD, Choline-methionine deficient diet; HFD, High fat diet; FFD-C, Fat-free diet enriched with carbohydrate; Histo, Histology; HTK, Histidine-tryptophan-ketoglutarate 

solution; MaS, Macrovesicular steatosis; MiS, Microvesicular steatosis; UW, University of Wisconsin solution  

1Only in livers preserved for 24 hours 
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Table 9 Liver function tests in experimental models of isolated perfused model and hepatic steatosis 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 
Perfusate 

Duration of 

reperfusion 

(mins) 

Outcome 

measures 
Results in steatotic livers  

(Lean livers) 

Jamieson et al [68] Porcine HFD 28 Mixed 90 Soltran 48 hours ALT/AST Similar ALT/AST 

von Heesen et al [207] Rat FFD-C 40-50 MaS 24 hours HTK 60 

ALT 
AST 
Bile 

production 

400 ± 100 (20 ± 5 IU/L)1 
250 ± 60 (15 ± 5 IU/L)1 

0 (0.16 ± 0.05 μL/g/min)1 

 

Baskin-Bey et al [208] Mouse CMDD >40 MaS 24 hours UW 60 ALT 
↑ALT1  

(Levels not specified) 

Caraceni et al [210] Rat CDD 50-60 MaS 18 hours UW 120 ALT 664 ± 77 (140 ± 30 IU/L)1 

Caraceni et al [211] Rat CDD 50-60 MaS 18 hours UW 120 ALT 
64.9 ± 10.7  

(6.4 ± 1.7 IU/L)1 

Puetz et al [212] Rat FFD-C <60 Mixed ns HTK 45 ALT 
↑ALT1 

(Levels not specified)  

Minor et al [213] Rat FFD-C <60 Mixed 24 hours HTK 45 ALT 
434.3 ± 70.2  

(2.5 ± 0.2 IU/L)1 

Arnault et al [209] Rat HFD 80-100 MiS 
12, 18 or 24 

hours 
UW 180 

ALT/AST 
Bile 

production  

↑ALT/AST2 

↓Bile production2 

 
ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; HFD, High fat diet; FFD-C, Fat-

free diet enriched with carbohydrate; HTK, Histidine-tryptophan-ketoglutarate solution; MaS, Macrovesicular steatosis; MiS, Microvesicular steatosis; Mixed, Presence of both 

macrovesicular and microvesicular steatosis; ns, Not stated; Soltran, Marshall's hypertonic citrate; UW, University of Wisconsin solution 

1p < 0.05 versus lean livers 

2Only in livers preserved for 24 hours
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3.4 Analysis 

 

 

3.4.1 Warm ischemia-reperfusion injury 

 

All studies that reported survival following IRI (n=9) demonstrated decreased survival in animals with 

>30% steatosis compared to lean controls [104, 186, 188-194].  Increased duration of ischemia [189, 193] 

as well as increased severity of steatosis [194] was shown to correlate with a decrease in survival.  

Histologically >30% MaS was associated with increased intra-parenchymal haemorrhage, sinusoidal 

congestion and necrosis compared to lean livers [104, 187-197].  Liver enzymes (ALT, AST) [22, 104, 

186-190, 192, 194-196, 198], PT [189] and bilirubin [187, 189] were increased in subjects with >30% 

MaS or mixed hepatic steatosis compared to lean livers.  There were 2 studies reporting on MiS and its 

impact on histological outcome and liver function [195, 196].  Both studies reported similar degree of 

histological injury and levels of transaminases in microvesicular steatotic animals compared to lean 

controls.  The findings in the 5 studies that did not include a lean control were consistent with the studies 

of MaS [185, 191, 199-201].  Animals with lean livers (Table 2-Table 4) had greater survival, less 

histological damage or lower liver enzymes following warm IRI compared to steatotic livers [22, 104, 

186-190, 192-198]. 

 

 

3.4.2 Cold ischemia-reperfusion injury 

 

Recipients of steatotic grafts following cold ischemia had poorer survival than those transplanted with 

lean livers [94, 192, 202, 205, 206].  An increased duration of cold ischemia was associated with worse 

recipient outcome [94, 202].  Histologically, >30% MaS of the donor liver was associated with increased 

rate of hepatic necrosis, sinusoidal congestion and intra-parenchymal hemorrhage [94, 192, 202, 206-208].  

In keeping with this, liver enzymes (ALT and AST) [192, 202, 206-208, 210, 211] and hepatic synthetic 

function [202, 207] were impaired compared to recipients of lean livers.  However, mild (<30%) and 

mixed steatosis had similar levels of liver enzymes compared to lean livers following 90 minutes of cold 

ischemia in an IPM [68].  Severe (>60%) MiS of the liver was only associated with increased histological 

damage and deranged LFT after 24 hours of cold ischemia [209].  The findings in the 4 studies that did 

not include a lean control were in keeping with the results from studies of MaS [203, 204, 212, 213].  

Consistent with findings in warm IRI, recipients of lean livers [94, 192, 202, 205, 206] or lean livers 
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subjected to IPM [68, 207-213] had better outcome (survival, histological damage and liver enzymes) 

following cold IRI compared to steatotic livers (Table 5-Table 9). 

 

  

3.5 Discussion 

 

The influence of hepatic steatosis in liver surgery is poorly described.  It has been postulated that the 

accumulation of fat within the liver is associated with poorer patient outcome due to increased 

susceptibility of steatotic livers to IRI.  IRI initiates a cascade of inflammation and oxidative damage that 

results in cellular damage [5, 84].  Inflow occlusion of the portal triad (Pringle’s maneuver) [87] can be 

applied to decrease blood loss during liver resection but this process of occlusion and subsequent 

reperfusion to the ischemic liver induces IRI that may impair liver regeneration following hepatectomy 

[88].  Liver transplantation is the only curative treatment for end-stage liver disease.  The number of 

patients added to the waiting list in the USA from 2007 to 2009 was 10500.  Over the same time period, 

approximately 6000 liver transplants were performed each year.  This has resulted in a high mortality rate 

on the waiting list and forced transplant units to use marginal or extended criteria liver grafts, which 

include steatotic livers [83].  In liver transplantation, the process of cold preservation and warm 

reperfusion leads to IRI.  Although it is plausible that steatotic livers are more susceptible to IRI, it 

remains speculative.  The prevalence of hepatic steatosis is predicted to substantially increase over the 

next decade in parallel with the rising prevalence of the metabolic syndrome [24].  A better understanding 

of the effect of hepatic steatosis in patients undergoing hepatic resection or transplantation is required, if 

we are going to improve the outcome of this group of patients. 

 

A number of experimental models of hepatic steatosis have been developed, however a single model that 

encompasses the full characteristic of human NAFLD remains elusive [214].  The ideal animal model 

would include both the metabolic syndrome and liver pathology.  Most rodent models to date have used 

genetically modified animals, which produce hepatic steatosis, but these mutations are not prevalent in 

human NAFLD pathophysiology.  For this reason we did not include genetically modified models in this 

review.  High fat and carbohydrate-fed animals are probably the closest model to the clinical situation.  

There have only been a few reports using such models, and in this review no studies used a high fat-

carbohydrate fed rodent model.  The CDD or CMDD model is a compromise that has been extensively 

used, and was included in this review.  CDD or CMDD induces hepatic steatosis through abnormal lipid 

metabolism, but is not associated with insulin resistance and the animals have significant weight loss.  The 
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diet used in the studies in the review that most closely resemble the clinical situation is the HFD or HCD; 

and 10 studies in this review used these diets.  Future studies will need to encompass the clinical dietary 

scenario into the experimental diet but an ideal model remains elusive. 

 

Hepatic steatosis is traditionally described as either macro- or micro-vesicular.  Macrovesicular steatosis is 

thought to be associated with the metabolic syndrome or excessive alcohol consumption and MiS is 

usually related to toxins or metabolic disorders (Section 2.4) [9].  Of the 33 studies identified, 23 reported 

MaS of >30%.  The difference in histological descriptions among the studies makes data interpretation 

and comparison difficult.  Debate also surrounds the utility of individual staining methods or whether 

histological diagnosis is still the gold standard [65].  Despite this, reporting of tissue histology lacks the 

consistency required to define the severity of the hepatic steatosis studied as evident by the number of 

studies excluded due to incomplete reporting of histological description in their studies (n=19).  This leads 

to difficulty in making detailed comparisons among studies.  Future studies will need to have precise 

identification of the type of steatosis and the percentage of steatosis involved in the experiment.  This will 

help define a threshold for the severity of hepatic steatosis that can be correlated with adverse outcome. 

 

In the studies included in this review, the method and duration of inducing warm IRI varied greatly.  The 

majority of studies used partial vascular occlusion and in a proportion of these, they resected the non-

ischemic lobe prior to reperfusion.  This was done to force the animal to survive on the liver lobes 

subjected to IRI.  It is unlikely that this would have influenced the outcome in these studies.  In the 

clinical setting, total vascular occlusion is the method most commonly used in liver surgery.  However, 

only a small number of studies (6/19) performed total vascular occlusion as this is poorly tolerated in 

rodents due to splanchnic congestion, with potential confounding effects from bowel ischemia and related 

hemodynamic disturbances.  There was a large variation in the duration of ischemia and/or reperfusion 

between each of the studies.  The most common duration of ischemia was 60 minutes but it varied from 15 

to 90 minutes and the duration of reperfusion varied from 30 minutes to 24 hours.  The duration of IRI 

appeared to be based on previous experience within each laboratory rather than specific evidence. 

 

Survival post-hepatectomy relies on the ability of the liver remnant to regenerate.  It is postulated that 

steatotic livers have decreased capacity to regenerate when subjected to IRI [215].  In this review, animals 

with >30% MaS subjected to warm IRI had a decreased rate of survival compared to non-steatotic animals 

[104, 186, 188-194] with a clear correlation between duration of ischemia and survival.  The threshold for 

a survivable duration of total hepatic ischemia (THI) in animals with >30% MaS was 30 minutes [189, 
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190, 193].  All the studies utilized THI to investigate survival.  Apart from the duration of ischemia, the 

severity of steatosis also had a negative impact on survival [194].  This is consistent with the clinical 

suspicion that steatotic livers have a decreased ability to regenerate post-hepatectomy and the combined 

effect of the duration of ischemia and underlying liver disease, in this case severity of MaS, should be 

carefully considered in the clinical setting of liver resection. 

 

In this review, histology and liver enzymes were used to assess severity of hepatic injury following warm 

IRI in 12 and 17 studies, respectively.  This is similar to clinical practice where blood tests, and less 

commonly percutaneous biopsies, are used to monitor hepatic function.  The histological findings and 

liver enzymes in these studies correlate with the reports of decreased survival in animals with steatotic 

livers.   There was evidence of increased histological damage in steatotic livers compared to lean controls 

with corresponding greater derangements of liver function in these animals.  Of note, animals with MiS 

showed similar histological findings and enzyme profile compared to lean controls [195, 196].  This is 

consistent with clinical studies [216, 217] where the presence of MiS does not influence outcome 

following liver transplantation.  However, Llacuna et al [218] recently reported increased histological 

damage and greater derangement of ALT in microvesicular steatotic animals compared to macrovesicular 

steatotic animals or lean controls.  This raised the issue of whether the severity and type of steatosis is 

more important than the lipid composition of the liver in influencing the susceptibility of steatotic livers to 

IRI [65].  However, assessing lipid composition in a clinical setting is difficult and more invasive but this 

warrants further research in humans to correlate with the experimental data. 

 

In the studies examining the effect of cold ischemia, the duration of cold ischemia and/or reperfusion 

varied greatly.  The duration of cold ischemia was chosen to mimic the clinical scenario of prolonged cold 

preservation of the donor organ.  However, the duration of reperfusion is harder to standardize and varied 

depending on the biological factors being investigated.  Another factor that is likely to affect the outcome 

is the model used – OLT versus IPM.  The rationale for utilizing IPM is to evaluate hepatic function but in 

an isolated manner, removed from the influence of other physiological systems.  IPM provides a 

controlled setting with easily reproducible experiments and absence of an immune response [219].  

However, it does lack the interaction with blood components and other organ systems that the OLT model 

provides.  Ideally, OLT should be used in experimental studies as it is an in-vivo model with true 

physiological interaction but for more targeted investigation, the IPM still provides a technically easier 

and cost-effective option.  All of the OLT models in the included studies utilized isografts, rather than 

allografts.  This was probably done to remove the immunological effect of alloantigens on graft outcome, 
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focusing on the effect of steatosis.  An allograft transplant model with hepatic steatosis may need to be 

considered for future studies to investigate whether the alloimmune response further affects the outcome 

of steatotic livers. 

 

Outcome of a liver graft following transplantation is affected by the duration of cold ischemia [220], size 

[221] and quality [177] of the liver graft.  It has been proposed that steatotic livers have decreased 

tolerance to prolonged cold ischemia [7] and decreased effective liver mass for transplantation [222].  The 

studies in this review demonstrated that >30% steatosis was associated with a lower survival rate which 

was further affected by the duration of cold ischemia [94, 202] and graft size [206].  Three to six hours of 

cold preservation of moderate MaS grafts resulted in decreased survival rate and was similar to lean livers 

subjected to 9 hours of preservation [94].  Additionally, small lean livers (30% of standard liver volume) 

had good post-operative outcome whereas the same sized steatotic liver had worse survival [206].  

Furthermore, recipients of steatotic livers that were 70% of the standard liver volume had decreased 

survival compared to same sized lean livers.  This reaffirms the clinical suspicion that >30% MaS is an 

independent risk factor for graft survival post-transplantation and liver grafts with >30% MaS should only 

be transplanted if other risk factors are minimized [7].   

 

 

3.6 Summary 

 

The evidence from this systematic review suggests that livers with moderate-severe MaS are more prone 

to the deleterious effects of IRI, resulting in poorer graft and recipient survival, increased histological 

injury and deranged hepatic function.  Due to a paucity of clinical studies looking at the influence of 

hepatic steatosis on patient outcome it is unlikely that we will find the answer from a retrospective review 

of clinical studies, and we will need to undertake large prospective trials.  Until then, clinical practice 

should reflect on the scientific evidence, and on the basis of the experimental evidence presented, hepatic 

surgeons should proceed cautiously in patients with greater than 30% macrovesicular hepatic steatosis. 
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Chapter 4   

Donor steatosis and outcome after liver transplantation: a systematic review 

 

 

4.1 Introduction 

 

The on-going success of liver transplantation in the treatment of end-stage liver disease in the 21st century 

is dependent on overcoming the imbalance between demand for transplantation and the availability of 

suitable donor livers.  In the past decade, this mismatch has driven many centres worldwide to ‘push the 

boundaries’ of donation and utilise livers from ‘extended criteria donors’ (ECD) [216].  A commonly 

agreed upon definition for an ECD is lacking; however it implies higher risk in comparison with an ideal 

reference donor for the outcomes of poor graft function, graft failure or transmission of donor-derived 

disease [223].  The term has been variably ascribed to liver grafts from older donors, from donation after 

circulatory death (DCD), donors with hepatitis C virus and those with evidence of hepatic steatosis.  

Despite initial concerns over the possibility of significantly worse outcomes following transplantation 

with ECD livers, several centres have reported that judicious use in selected recipients can successfully 

increase the number of available livers, whilst achieving acceptable short and long-term outcomes, 

particularly when compared to the prospects of remaining on the waiting list [224, 225].  Wider utilisation 

of select ECD organs may therefore represent a viable means for expanding the reach of liver 

transplantation in the face of on-going organ shortages. 

 

Steatosis of the donor liver is considered a risk factor for poor outcome after liver transplantation, with an 

increased risk of PNF.  In the late 1980’s, Todo et al published a case-report describing PNF following the 

implantation of two ‘greasy’ feeling livers.  These livers showed severe diffuse MaS when the pre-

transplant biopsy was examined retrospectively [179].  Two other early studies investigating risk factors 

for early graft dysfunction corroborated Todo’s observation, noting that steatosis on biopsy was an 

independent risk factor for PNF [10, 177].  Subsequently, transplantation using steatotic grafts - 

particularly those with evidence of MaS - was avoided.  Today, it is generally accepted that MiS is not 

associated with an increased risk of PNF, except in patients undergoing re-transplant [216, 226].  The 

outcome of recipients receiving macrosteatotic grafts however has remained a subject of ongoing debate.  

In line with the increasing utilisation of other ECD organs, there has been widespread acceptance of grafts 

with mild degrees (<30%) of fatty macrovesicular infiltration, and a small number of centres who have 

reported acceptable outcomes using moderate (30-60%) and severely (>60%) steatotic grafts.  The 
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literature supporting such practices remains at best patchy and conflicting.  In the absence of clear 

evidence, the utilisation of steatotic donor livers has been shown to be highly variable amongst surgeons, 

centres and countries [227, 228], with some surgeons discarding livers that may well have had acceptable 

outcomes [229].  This has occurred on a background of steady increases in the population prevalence of 

NAFLD - the predominant cause of hepatic macrosteatosis – such that macro-steatotic livers may be seen 

in as many as 40-60% of donors in some centres [227].    

 

Synthesis and critical evaluation of the literature on donor steatosis and outcome following liver 

transplantation is currently lacking but urgently needed to better inform clinical decision-making, as well 

as to guide future research, but is currently lacking.  The aim of this review was to systematically appraise 

the current evidence on the impact of donor MaS on initial graft function, graft loss and patient survival, 

as well as highlight some of the requirements for conducting high-quality studies in this field in the future.  

 

 

4.2 Methods 

 

 

4.2.1 Identification of papers 

 

A systematic electronic search was conducted using OVID Medline and Pubmed databases between 1966-

2012 according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 

guidelines using the following MeSH headings (/) and keywords (.mp); [(Fatty liver/ OR hepatic 

steatosis.mp OR macrovesicular steatosis.mp)] AND [(Organ transplantation/ OR liver transplantation/ 

OR tissue donors/ OR organ donor.mp)].  Identified articles were limited to the English language.  

Additionally the references of the primary and review articles identified were examined to identify 

publications not retrieved by electronic searches.  Where publications used overlapping study populations, 

the publication with the largest number of patients included was selected.   

 

 

4.2.2 Selection criteria 

 

For the purpose of this review, only studies evaluating steatosis in deceased after brain death liver donors 

were included.  Full text articles were included in this review if: 1) the study reported the number of donor 
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livers with evidence of steatosis, 2) the type and grade of steatosis was assessed using biopsy and 

reported, 3) the study reported outcome measures related to PNF, impaired primary function (IPF), graft 

survival and/or patient survival.  Studies were excluded from the review if they were not original research 

(a review, commentary or editorial), a case report or the study only evaluated microvesicular steatosis. 

 

 

4.2.3 Data analysis 

 

The primary outcomes of interest were initial graft function (PNF or IPF), graft and patient survival.  PNF 

was broadly defined as death or re-transplant due to liver failure within one week of initial transplant 

which was not related to acute rejection [230, 231].  IPF was defined broadly as peak serum values of 

AST or ALT >1500U/L on any day during the first week post-transplant [232]. 

 

Two investigators independently evaluated studies for inclusion in the review.  Any differences in 

selection were referred to one of the supervisors for arbitration.  Study eligibility was determined using a 

standardized pro forma, with subsequent data extraction to a standardized pro forma.  Information 

extracted from each publication included:  author, year of publication, study country/population, type of 

study (case control, prospective cohort study, retrospective cohort study etc), single or multi-centre study, 

enrolment period, donor and recipient variables including mean age, recipient Model for End-Stage Liver 

Disease (MELD) [233] score at time of transplant and mean follow-up time, type (macro- or mixed) and 

degree (% hepatocyte involvement) of steatosis, type of histological staining used, rates of PNF, IPF, graft 

survival rate at 1 year and patient survival rate at 1-, 3- and 5- years. 

 

 

4.2.4 Levels of evidence 

 

Levels of evidence for each article included in the review as well as grades of recommendation were 

evaluated using the Oxford Centre for Evidence Based Medicine guidelines, outlined below. 

 

1a.  Systematic review of randomised controlled studies with homogeneity 

1b. Individual randomized clinical trials 

1c.  All or none case studies 

2a.  Systematic review with homogeneity of cohort studies 
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2b.  Individual cohort study 

2c.  Outcomes research 

3a.  Systematic review with homogeneity of case-control studies 

3b.  Individual case-control study 

3c.  Individual case-control study 

4.  Case series (and poor-quality cohort and case-control studies) 

5.  Expert opinion without explicit critical appraisal or based on physiology, bench research or first 

 principles 

 

 

4.2.5 Grades of evidence 

 

A. Consistent level 1 studies 

B. Consistent level 2 studies or extrapolations from level 1 studies 

C. Level 4 studies or extrapolations from level 2 or 3 studies 

D. Level 5 evidence or troublingly inconsistent or inconclusive studies of any level 

 

 

4.3 Results 

 

 

4.3.1 Selected papers 

 

Thirty-two studies were included in the final analysis (Figure 5).  Eight were prospective cohort studies, 

20 were retrospective cohort studies, and 4 were case-control studies.  The earliest was published in 1991 

and drew from a transplant population between 1986-1990.  Table 10 shows the characteristics of the 

included studies.  
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Figure 5 QUORUM Diagram  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n, number of papers

Potentially relevant papers identified and 

screened for retrieval    

 n = 89 

 Papers excluded (n = 57) 

Living donors, case reports, reviews, 

no control (non steatotic) data 

published, experimental studies, 

PNF/IPF and/or graft/patient survival 

not reported. 

Papers retrieved for more detailed 

evaluation  

n = 32 

Papers identified from reference lists 

and included in review     

n = 5 

Potentially appropriate papers to be 

included in the review   

n = 37 

Papers that met inclusion criteria                      

n = 32 

Papers excluded from review     

n = 5 

Duplicate population    = 4 

No biopsy proven hepatic steatosis  = 1 
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Table 10 Characteristics of included studies 

Author Year 
Number of transplants 

(Number of patient) 
Country of 

Origin 
Type of 

Study 
Single / Multi-centre 

Level of 

Evidence 
Enrolment 

Period 

Teng et al [234] 2012 131 (131) China Co, Re Single centre 2b 2007-2008 

de Graaf et al [235] 2012 255 Australia Co, Re Single centre 2b 2001-2007 

Sharkey et al [236] 2011 161 US Co, Re Single centre 2b 2003-2005 

Deroose et al [237] 2011 165 Netherlands Co, Re Single centre 2b 2000-2004 

Spitzer et al [7] 2010 5051 United States Co, Re 
Registry 

(multicentre) 
2b 2003-2008 

Doyle et al [238] 2010 310 United States Co, Re Single centre 2b 2002-2008 

Noujaim et al [239] 2009 118 (115) Brazil Co, P Single centre 2b 2002-2008 

Li et al [240] 2009 70 China Co, P Single centre 2b 2003-2008 

Gao et al [241] 2009 48 China CaCo, Re Single centre 3b 2003-2005 

Frongillo et al [242] 2009 24 Italy Co, Re Single centre 2b 2000-? 

Fiorentino et al [243] 2009 122 Italy Co, Re Multicentre 2b 2001-2005 

Burra et al [244] 2009 116 Italy Co, P Single centre 2b 1999-2001 

Reddy et al [245] 2008 96 UK Co, P Multi-centre 2b 2004-2006 

Muscari et al [246] 2008 53 France CaCo, P Single centre 3b 2005-2007 

Angele et al [247] 2008 225 (208) Germany Co, Re Single centre 2b 1997-2005 

Nikeghbalian et al [248] 2007 174 Iran Co, Re Single centre 2b 1993-2006 

McCormack et al [249] 2007 20 case, 40 control Switzerland CaCo, Re Single centre 3b 2002-2006 

Perez-Daga et al [250] 2006 300 Spain Co, Re Single centre 2b 1997-2004 
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Briceno et al [251] 2005 500 Spain Co, Re Single centre 2b ns 

Marsman et al [252] 2004 49 USA Co, Re Single centre 2b 1998-2001 

Afonso et al [253] 2004 48 (48) Brazil Co, Re Single centre 2b 1995-2000 

Verran et al [254] 2003 443 (415) Australia Co, Re Single centre 2b 1986-2000 

Salizzoni et al [255] 2003 860 (784) Italy Co, Re Single centre 2b 1990-2001 

Rull et al [256] 2003 228 (215)* Spain Co, P Single centre 2b 1997-1999 

Busquets et al [257] 2001 193 (177) Spain Co, Re Single centre 2b 1997-2000 

De Carlis et al [258] 1999 400 (368) Italy Co, Re Single centre 2b 1985-1998 

Canelo et al [259] 1999 80 (73) Germany Co, P Single centre 2b ns 

Urena et al [217] 1998 72 (68) Spain Co, P Single centre 2b 18 months, ns 

Marsman et al [260] 1996 59 case, 57 control USA CaCo, Re Single centre 3b 1990-1994 

Ploeg et al [177] 1993 323 (273)** USA Co, Re Single centre 2b 1984-1991 

Markin et al [261] 1993 358 (358) USA Co, P Single centre 2b 1987-1990 

Adam et al [60] 1991 390 France Co, Re Single centre 2b 1986-1990 

Co = cohort study, CaCo = Case control study, CaR = case report. P = prospective, Re = retrospective, ns = not stated. 

* = of which only 90 had biopsies and were therefore included in the sub-group analysis of steatosis 

** = of which only 158 had biopsies and were therefore included in the sub-group analysis of steatosis  

*** = of which only 124 had biopsies and were therefore included in the sub group analysis of steatosis
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4.3.2 Results of selected studies 

 

4.3.2.1 Primary non-function (Table 12) 

 

Twenty-three studies reported PNF rates.  There was significant heterogeneity amongst studies as to the 

definition of PNF (Table 11) reflecting a lack of standardised criteria for this outcome.  In addition, a 

number of studies did not report how they had defined PNF (Table 11).  The majority of studies however 

used a definition broadly consistent with that proposed by Todo et al [179] and later Stahl et al [230] as 

‘death or re-transplant due to liver failure within 14 days of initial transplant which was not related to 

acute rejection’. 

 

Fourteen studies reported PNF rates in non-steatotic versus mildly steatotic grafts [60, 177, 234, 235, 237-

239, 242, 244, 251, 254, 257, 259, 260].  There was no significant difference reported between PNF rates 

in these two groups in any of the studies.  Eight studies reported PNF rates in non-steatotic versus 

moderately steatotic (30-60%) grafts [177, 235, 237, 239, 242, 251, 257, 259]. There was no significant 

difference in PNF rates in the two groups in any of these studies, though there appeared to be a trend 

towards higher rates in the moderately steatotic groups in two of the studies [242, 259], however these had 

very small number of patients.  Seven studies combined their moderate (30-60%) and severe (>60%) 

steatosis groups into one group for the purpose of statistical analysis, owing to very small group numbers 

[60, 234, 238, 244, 245, 247, 257].  Only one of these studies found a significantly increased rate of PNF 

in the moderate-severely steatotic livers compared to the non-steatotic livers [60].  This study was one of 

the earliest conducted, drawing on data from 1986 to 1990.  A slight trend towards higher rates of PNF 

was noted in two of the six studies, again with very small group numbers which prevent meaningful 

conclusions [245, 247]. 

 

Twelve studies evaluated PNF rates in livers from severely (>60%) steatotic livers compared to non-

steatotic or mild (<30%) steatotic organs [177, 217, 235-237, 239, 240, 249, 251, 253, 258, 259].  Five of 

these studies reported a significantly increased rate of PNF compared to either non-steatotic or mildly 

steatotic organs, or both [177, 235, 240, 251, 258].  The earliest study to evaluate the rate of PNF in 

severely steatotic livers, undertaken by Ploeg et al using data from a period between 1984-1991 reported 

that 80% or 4 out of 5 severely steatotic livers transplanted developed PNF [177].  Subsequent studies 

have reported PNF rates between 0-66% using severely steatotic livers [217, 235-237, 239, 240, 249, 253, 

258, 259], including two smaller studies where no PNF was reported in the severely steatotic groups [236, 
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253].  Although not statistically significant, a trend towards increased PNF in the severely steatotic groups 

was evident in a further two studies [237, 239].  Again, those were small numbers (≤20) of patients in the 

severely steatotic group in each study, increasing the possibility of a type II statistical error.  In the more 

robustly controlled study by McCormack et al, in which cases (severely steatotic livers) and controls (non-

steatotic livers) were matched for waiting list status, recipient age, recipient BMI and MELD score, there 

was no significant difference in PNF rates between the two groups.  The control group had no cases of 

PNF (n=0/40) and the case group had one PNF (n=1/20) [249]. 
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Table 11 Definitions of primary non function, early allograft dysfunction and impaired primary function/early graft dysfunction 

Author Year Primary non-function definition 
Early Allograft Dysfunction / Impaired primary function 

definition 

Teng et al [234] 2012 
Continuous elevation of ALT and/or AST within 

7 days, severe coagulopathy and failure in 

heart/lung/kidney with loss of allograft 
IPF: ALT and/or AST  >1500 IU/L within 72 hours post-OLT 

de Graaf et al [235] 2012 
IPF within first week post-OLT leading to death 

or re-transplantation 
IPF: ALT and/or AST >1500 IU/L on 2 consecutive measurements 

within 72 hours post-OLT and elevation lasting for 48 hours 

Sharkey et al [236] 2011 Not defined 
Delayed liver function:  > 1 day to normalize or reach half peak serum 

lactate 

Deroose et al [237] 2011 Not defined 

EAD (one or more of): 
- Bilirubin >10mg/dL on post-op Day 7 

- INR ≥1.6 on post-op Day 7 

- AST or ALT > 2000iU/L within the first post-op week 

Spitzer et al [7] 2010  Not defined Not defined 

Doyle et al [238] 2010 Not defined Not defined 

Noujaim et al [239] 2009  

An acute syndrome associating clinical 

encephalopathy, hemodynamic instability with 

need for inotropic support, hypoglycaemia and 

need for glucose replacement, coagulopathy, 

AST > 2000IU/L, metabolic acidosis, renal 

failure and urgent need for re-transplantation or 

evolution toward death 

EGD (initial poor outcome with): 
- AST peak level > 1500IU/L within first 7 days 

- PT ≤50% within first 7 days 

Li et al [240] 2009 
Graft loss or death within 14 days of OLT 

secondary to PNF or without defined cause. 
AST or ALT > 1500 U/mL at 2 consecutive measurements within the 

first 72 hours post-OLT 

Gao et al [241] 2009 Not defined 

EAD (presence of one or more of, during day 2-7 post-op): 
- Bilirubin >10mg/dL 

- PT ≥ 17 secs 

- Hepatic encephalopathy 

Frongillo et al [242] 2009 Not defined Not defined 

Fiorentino et al [243] 2009 

Primary graft dysfunction = Poor function of 

graft leading to death or 2nd transplant or AST 

>1500 U/L & PT > 20 seconds within first 7 days 

(Combined PNF and IPF) 

Not defined 
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Burra et al [244] 2009 

Scoring system 
AST: 0 (<1500 IU/L), 1 (1500-2200 IU/L),  

2 (>2200 IU/L) 
Factor V after 24 hours: 0 (>35%), 1 (25-35%),  

2 (<25%) 
PT after 36 hrs: 0 (>25%), 1 (15-25%), 2 (<15%) 

Score of 5-6 = PNF 

Score of 3-4: Poor early graft function 

Reddy et al [245] 2008 
Graft dysfunction leading to death or  

re-transplantation  
(within 1 week of OLT) 

Peak PT >16s and ALT & AST > 2000 UI/L between days 2-7 post-

OLT 

Muscari et al [246] 2008 Not defined 
Poor primary function = IPF (Defined as within first 7 days): 

- Transaminases > 2500 UI/L during 48 hours 

- PT <30% during 48 hours 

Angele et al [247] 2008 Not defined 
Not formally defined. Evaluated bilirubin, ALT, AST and PT in the 

first post-operative week. 

Nikeghbalian et al [248] 2007 Not studied Not studied 

McCormack et al [249] 2007 
Death or re-transplant within 7 days after OLT in 

the absence of any vascular problems 
PDF (primary dysfunction of the graft): Peak AST >1500IU/L  AND  

PT ≤ 50% co-existing within the first week post-OLT 

Perez-Daga et al [250] 2006 Not studied 
EGF not formally defined. Peak AST and peak total bilirubin reported 

for each group in the first 72hrs post-operatively 

Briceno et al [251] 2005 

Non-recoverable hepatocellular dysfunction 

necessitating emergency re-transplantation 

within 72hrs. 
DNF (delayed non function) = graft function 

necessitating emergency re-transplantation 

between 72hrs – one month post-OLT 

IPF: AST >1500 IU/L OR ALT > 1000 IU/L  
(On any day during the first 7 days) 

Marsman et al [252] 2004 Not defined Not studied 

Afonso et al [253] 2004 
Re-transplantation or death within the first 7 days 

due to graft failure 
AST >1500 IU/L and PTA < 30% 

Verran et al [254] 2003 
Poor function of the allograft culminating in 

either death of the recipient or re-transplantation 

within the first 72 hours 

2 consecutive measurements: AST or ALT > 1500 IU/L within the 

first 72 hours post-operatively 

Salizzoni et al [255] 2003 Not studied Not studied 

Rull et al [256] 2003 Not studied. 
ALT > 2500 IU/L  + PTA <60% + Bile output <40mL/d  

on day 3 post-OLT 
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Busquets et al [257] 2001 
Death or re-OLT because of hepatic insufficiency 

during first week post-OLT, without arterial 

thrombosis 
AST or ALT > 1500 IU/L + PT >24 s during first 7 days 

De Carlis et al [258] 1999 
An irreversible dysfunction causing death or 

re-transplantation within 8 days 
AST > 1500 U/L, AP 20% to 30%, and nearly absent bile flow 

Canelo et al [259] 1999 
AST >2000, Factor V <30%, Quick <30%,  

bile flow <50 mL (During the first post-op week) 
AST 1000-2000 IU/L, Factor V 35-50%, Quick 30-50%, Bile flow 

50-100 mL (During the first post-op week) 

Urena et al [217] 1998 

A graft with IPF that manifests liver failure and 

results in death or re-transplantation within the 

first two post-op weeks, having excluded extra-

hepatic causes. 

SGOT >1500 IU/L + %PTT <45% 

During the first post-op week 

Marsman et al [260] 1996 

IPF which eventually led to graft loss or death 

within 2 weeks after transplantation in the 

absence of hepatic artery thrombosis. 
PDF = IPF which eventually led to loss or death 

beyond 2 weeks post transplantation. 

ALT >1500 IU/L + PT >20secs 

Ploeg et al [177] 1993 
Non life-sustaining function of the liver requiring 

re-transplantation or leading to death within 7 

days post OLT. 

SGOT >2000 IU/L + PT >16secs +ammonia >50umol/L 
On post-transplant days 2-7 

Markin et al [261] 1993 

Not formally defined. Broadly referred to as 

allografts which never function properly and 

where the nonfunction is not identified as either a 

technical complication or an immunological 

event, which may require urgent re-

transplantation in the early post-op period. 

Not formally defined. 
PT, bilirubin, AST and ALT all measured daily for the first 10 days to 

assess allograft function. 
Satisfactory allograft function determined in each patient in context of 

clinical and lab parameters 

Adam et al [60] 1991 Not defined Not defined 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; DNF, Delayed non-function; EAD, Early allograft dysfunction; EGD, Early graft dysfunction; INR, 

International normalized ratio; IPF, Impaired primary function; OLT, Orthotopic liver transplantation; PDF, Primary dysfunction of graft; PNF, Primary non-function; PT, 

Prothrombin time; PTA, Prothrombin time activity; PTT, Partial thromboplastin time; SGOT, Serum glutamic oxaloacetic transaminases
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Table 12 Primary non-function rates following transplantation 

Author Year No steatosis 
Mild  

(<30%) steatosis 
Moderate  

(30-60% steatosis) 
Severe  

(>60%) steatosis 

Teng et al [234] 2012 
0% 

(0/101) 

0% 

(0/24) 

0%* 

(0/6) 
 

de Graaf et al [235] 2012 
0% 

(0/71) 

2% 

(1/59) 

0% 

(0/7) 

50% †‡ 

(2/4) 

Sharkey et al [236] 2011 
0% 

(0/104) 

2.2%** 

(1/45) 
 

0% 

(0/12) 

Deroose et al [237] 2011 
2.2% 

(2/92) 

0% 

(0/39) 

0% 

(0/19) 

13.3% 

(n=2/15) 

Doyle et al [238] 2010 
0.9% 

(n=2/222) 

1.5% 

(n=1/66) 

0%* 

(0/22) 
 

Noujaim et al [239] 2009 
0% 

(0/34) 

8.3% 

(1/12) 

0% 

(0/6) 

20% 

(1/5) 

Li et al [240] 2009 - 
1.9% 

(1/52) 

5.6% ‡ 

(1/18) 
- 

Gao et al [241] 2009 - 
0% 

(0/24) 

0% 

(0/24) 
- 

Frongillo et al [242] 2009 
0% 

(0/4) 

5.9% 

(1/17) 

33.3% 

(1/3) 
- 

Burra et al [244] 2009 
1.7% 

(1/59) 

2.2% 

(1/46) 

0%* 

(0/11) 
 

Reddy et al [245] 2008 
3.5% 

(3/86) 
- 

10%* 

(1/10) 
 

Angele et al [247] 2008 - 
1.7% 

(3/175) 

4%* 

(2/50) 
 

McCormack et al [249] 2007 
0% 

(0/40) 
- - 

5% 

(1/20) 
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Briceno et al [251] 2005 
0% 

(0/255) 

0.6% 

(1/160) 

1.5% 

(1/67) 

16.6% †‡ 

(3/18) 

Afonso et al [253] 2004 
0% 

(0/33) 

0%** 

(0/13) 
 

0% 

(0/3) 

Verran et al [254] 2003 
1.2% 

(4/323) 

0% 

(0/72) 

2%* 

(1/48) 
 

Busquets et al [257] 2001 
0% 

(0/89) 

0% 

(0/63) 

0% 

(0/10) 
- 

De Carlis et al [258] 1999 
4.5% 

(12/263) 

5.4%** 

(5/92) 
 

66%†‡ 

(14/21) 

Canelo et al [259] 1999 
10% 

(2/20) 

2.8% 

(1/36) 

14.3% 

(2/14) 

10% 

(1/10) 

Urena et al [217] 1998 - 
0% 

(0/41) 

0% 

(0/27) 

50%‡ 

(2/4) 

Marsman et al [260] 1996 
1.7% 

(1/57) 

5.1% 

(3/59) 
- - 

Ploeg et al [177] 1993 
5.3% 

(6/114) 

6.8% 

(2/29) 

 

0% 

(0/10) 

80%† ‡ 

(4/5) 

Adam et al [60] 1991 
2.5% 

(8/323) 

0% 

(0/36) 

13%*† ‡ 

(4/31) 
 

*Combined moderate and severe steatosis groups for analysis 

**Combined mild and moderate steatosis groups for analysis 

†Significant difference vs. non steatotic grafts 

‡Significant difference vs. mildly steatotic or mild-moderately steatotic grafts 
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4.3.2.2 Impaired primary function (Table 13) 

 

Twenty studies reported IPF rates.  There was significant heterogeneity amongst studies as to the 

definition of IPF (Table 11) reflecting a lack of standardised definition for this outcome measure.  One of 

the 22 studies did not defined IPF [242].  The majority of studies based their definition of IPF on 

measurements of liver function tests such as ALT, AST or PT consistent with those proposed by 

Makowka et al [262] and later, Strasberg et al [232]. 

 

Ten studies reported IPF rates in non-steatotic versus mildly steatotic grafts [177, 234, 235, 237, 239, 242, 

251, 254, 259, 260].  There was no significant difference reported between IPF rates in these two groups 

in any of the studies.  Eight studies reported IPF rates in non-steatotic versus moderately steatotic (30-

60%) grafts [177, 235, 237, 239, 242, 246, 251, 259].  There was significantly higher rates of IPF in the 

moderately steatotic grafts in 4/8 studies [177, 237, 251, 259] and there appeared to be a trend towards 

higher IPF rates in the moderately steatotic groups in 3 other studies [235, 242, 246] but these had very 

low group numbers.  Four studies combined the moderate and severe steatosis group into one group, due 

to very small group numbers in both types of steatosis, and all 4 studies showed significantly increased 

rates of IPF in moderate-severe steatotic grafts compared to non-steatotic grafts [217, 234, 245, 254].  One 

study evaluated rates of IPF in moderate steatotic grafts compared to mild steatosis and reported 

significantly higher rates of IPF in moderate steatotic grafts compared to mild steatotic grafts [240].   

 

Ten studies evaluated rates of IPF in severe steatosis (>60%) grafts compared to non-steatotic or mild 

steatotic grafts [177, 235-237, 239, 249, 251, 253, 258, 259].  Six of the ten studies reported a 

significantly higher rate of IPF in severely steatotic grafts compared to non-steatotic [237] [177, 249, 251, 

259] or mildly steatotic grafts, or both [258].  The earliest study to assess the rate of IPF in severely 

steatotic livers was by Ploeg et al with 40% or 2/5 severe steatotic grafts developed IPF [177].  

Subsequent studies have placed IPF rates of severe steatotic grafts between 17-80% [235-237, 239, 240, 

249, 251, 258, 259], including one study that reported no incidence of IPF in severe steatotic grafts [253].  

However, there were only 3 patients in the severe steatotic group, which limits the conclusion made from 

the study.  In the largest cohort series (500 transplantations) that reported rates of IPF, Briceno et al 

reported significantly higher rates of IPF in moderate-severe (>30%) steatosis compared to grafts with 

<30% steatosis [251].  Consistent with this, McCormack et al demonstrated in a case-control matched 

study that severe steatotic grafts had significantly higher rates of IPF (6/20, 30%) compared to non-

steatotic grafts (4/40, 10%) [249].
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Table 13 Rates of early graft dysfunction following transplantation 

Author Year No steatosis Mild (<30%) steatosis 
Moderate  

(30-60% steatosis) 
Severe  

(>60%) steatosis 

Teng et al [234] 2012 
7.9% 

(8/101) 

8.3% 

(2/24) 

66.7% *‡ 

(4/6) 
- 

de Graaf et al [235] 2012 
13% 

(9/71) 

12% 

(7/59) 

29% 

(2/7) 

25% 

(1/4) 

Sharkey et al [236] 2011 
36.5% 

(38/104) 

37.8% ** 

(17/45) 
- 

16.7% 

(2/12) 

Deroose et al [237] 2011 
28.3% 

(26/92) 

25.6% 

(10/39) 

52.6% † 

(10/19) 

73.3% † 

(11/15) 

Noujaim et al [239] 2009 
26.5% 

(9/34) 

0% 

(0/12) 

0% 

(0/6) 

80% 

(4/5) 

Li et al [240] 2009 - 
19.2% 

(10/52) 

27.8% ‡ 

(5/18) 
- 

Gao et al [241] 2009 - 
16.7% 

(4/24) 

20.8% 

(5/24) 
- 

Frongillo et al [242] 2009 
0% 

(0/4) 

11.8% 

(2/17) 

33.3% 

(1/3) 
- 

Reddy et al [245] 2008 
30.2% 

(26/86) 
- 

70%*† 

(7/10) 
 

Muscari et al [246] 2008 
9.3% 

(4/43) 
- 

30% 

(3/10) 
- 

McCormack et al [249]  2007 
10.0% 

(4/40) 
- - 

30.0% † 

(6/20) 

Briceno et al [251] 2005 
0.4% 

(1/255) 

2.5% 

(4/160) 

23.9% † 

(16/67) 

44.4% † 

(8/18) 

Afonso et al [253] 2004 
21.2% 

(7/33) 

23.1%** 

(3/13) 
- 

0% 

(0/3) 
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Verran et al [254] 2003 
0% 

(0/323) 

16.7% 

(12/72) 

35.4%*‡ 

(17/48) 
- 

Rull et al [256] 2003 
27.1% 

(16/59) 

41.9%*** † 

(13/31) 
- - 

De Carlis et al [258] 1999 
14.5% 

(38/263) 

27.1%** 

(25/92) 
- 

33.3%†‡ 

(7/21) 

Canelo et al [259] 1999 
15.0% 

(3/20) 

38.9% 

(14/36) 

64.3%† 

(9/14) 

60%† 

(6/10) 

Urena et al [217] 1998 - 
14.6% 

(6/41) 

66.6%*† 

(6/9) 
- 

Marsman et al [260] 1996 
0% 

(0/57) 

5.1% 

(3/59) 
- - 

Ploeg et al [177] 1993 
14.0% 

(16/114) 

16.0% 

(5/29) 

30.0%† 

(3/10) 

40.0%† 

(2/5) 

*Combined moderate and severe steatosis groups for analysis 

**Combined mild and moderate steatosis groups for analysis 

***Combined mild, moderate and severe steatosis groups for analysis 

†Significant difference vs. non steatotic grafts 

‡Significant difference vs. mildly steatotic or mild-moderately steatotic grafts
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4.3.2.3 Graft survival (Table 14) 

 

Eleven studies evaluated graft survival out to at least one year post-transplant.  Comparable graft survival 

rates between non-steatotic and mildly steatotic organs were seen in the majority of studies.  Graft 

survival rates in the non-steatotic and mildly steatotic groups appeared to improve with time, with the 

most recent studies consistently reporting one-year graft survival in these groups at approximately 90% 

[235, 237, 238].  Nine studies evaluated graft survival outcomes in moderate (30-60% macrosteatosis) or 

moderate-severe (>30%) steatotic donor livers.  Outcomes in the moderately steatotic groups were more 

variable across studies, with reported one-year graft survival rates ranging from 33%-100%.  In the largest 

series by Spitzer et al, which utilised United Network for Organ Sharing registry data over a 5-year period 

(2003-2008), moderate-severe steatosis (defined as >30% MaS on biopsy) of the donor liver significantly 

increased the risk of graft loss at one year by 71% compared to the reference group (<15% MaS) [7].  The 

presence of 20-30% MaS did not have a significant impact on graft survival, except in the presence of a 

prolonged cold ischaemia time of >11 hours, where it increased the risk of graft loss at one year by 54%.  

Only four studies evaluated severe steatosis (>60%), and all of these had ≤20 patients in the group.  Three 

studies reported one year graft survival rates of ≥90% [237, 240, 254], whereas the fourth study reported a 

one year graft survival rate of only 25%, albeit with very small patient numbers (n=4) [235].  Significant 

heterogeneity in the study populations existed, with only a minority of studies adjusting for confounding 

factors such as recipient age, sex, ethnicity, underlying diagnosis, co-morbidity and MELD score in their 

reporting of graft survival rates, making comparison between studies in each group difficult.
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Table 14 Graft survival at one year post-transplantation 

Author Year No steatosis Mild (<30%) steatosis 
Moderate (30-60% 

steatosis) 
Severe (>60%) steatosis 

de Graaf et al [235] 2012 90% (n=71 ) 83% (n=59) 100% (n=7) 25% (n=4) 

Deroose et al [237] 2011 90% (n=92) 93% (n=39) 94.8% (n=19) 93.6% (n=15) 

Spitzer et al [7] 2010   RR 1.71†* (n=153)  

Doyle et al [238] 2010 89.4% (n=222) 90.5% (n=66) 77% (n=22)  

Noujaim et al [239] 2009 85% (n=34) 56% (n=12) 53%* (n=11)†  

Li et al [240] 2009 - 96.6%** (n=29) 93.1%** (n=23) 89.7%** (n=18) 

Frongillo et al [242] 2009 76.9% (n=13) 77.8% (n=4) 33% (n=3) - 

Angele et al [247] 2008 - 78% (n=175) 72%* (n=50)  

McCormack et al [249] 2007 86.4% (n=40) - - 95% (n=20) 

Verran et al [254] 2003 77.5% (n=323) 76.5% (n=72) 62.5% (n=48)†  

Salizzoni et al [255] 2003 82%*** (n=796) 70%*** (n=64)   

*Moderate and severe steatosis groups combined (>30%) 

**Mild = <20% steatosis, Moderate = 21-40% steatosis, Severe = >40% steatosis 

***No steatosis = <15% steatosis, Steatosis = >15% steatosis 

†Significant difference vs. non-steatotic group 

RR, Relative risk (compared to <30% steatosis)
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4.3.2.4 Patient survival (Tables 15 and 16) 

 

Twelve studies evaluated patient survival at one year post-transplant, with six of these studies also 

providing survival rates out to 3-years.  

 

Nine studies compared patient survival at one year in non-steatotic grafts to that in mildly steatotic 

(<30%) grafts [234, 237-239, 244, 248, 250, 255, 261].  There was no difference in 1-year patient survival 

between non-steatotic grafts and mild steatotic grafts in these studies.  Five studies evaluated 1-year 

patient survival in moderately steatotic grafts compared to mild or non-steatotic grafts with one year 

survival rates ranging from 70% to 93.1% [237, 240, 241, 248, 250].  Four studies evaluated 1-year 

patient survival in severely steatotic grafts compared to non-steatotic or mild/moderately steatotic grafts 

[237, 240, 249, 250].  All four studies had ≤20 patients in the severely steatotic group.  Survival ranged 

from 58%-95% and was only reported as significantly worse in the study by Perez-Daga et al [250], 

though there was a trend towards worse survival rates in two of the other studies, which did not reach 

statistical significance [237, 240]. 

 

Six studies reported patient survival data out to 3-years post-transplant [234, 237, 238, 244, 249, 255].  

There was significant variability in reported survival across all groups between different studies, including 

in the non-steatotic groups which varied between 67%-86% between studies.  There was no significant 

difference in 3-year patient survival for those receiving non-steatotic versus mildly steatotic livers in 4 of 

the 5 studies [234, 237, 238, 244].  Only one earlier study (study period 1990-2001) reported a significant 

reduction in patient survival in the mildly steatotic group at 3 years (61% vs. 86% in the non-steatotic 

controls) [255].  Moderate and severe steatosis were combined for statistical purposes into one group in 

three studies [234, 238, 244], and only one study evaluated moderate steatosis separately [237].  In this 

study, there was no significant difference in patient survival at 3 years post-transplant with either a non-

steatotic, mildly steatotic or moderately steatotic donor liver (82%, 74% and 79%, respectively) [237]. 

 

 Only two studies evaluated severe steatosis as a separate group, again with relatively low patient numbers 

(≤20) [237, 249].  Both of these studies found no difference between the non-steatotic and severely 

steatotic groups.  In the case-control study by McCormick et al, which was matched for waiting list status, 

recipient age, recipient BMI and MELD score, patient survival was 83.2% in the non-steatotic group vs. 

84.4% in the severely steatotic group [249].  In the study by Deroose et al, survival in the non-steatotic 

group was 82% versus 67% in the severely steatotic group.  However despite a strong trend toward lower 
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survival in the severely steatotic group, this did not reach statistical significance, which the authors 

postulated may reflect a type II statistical error [237].
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Table 15 Patient survival at one year post-transplantation 

Author Year No steatosis Mild (<30%) steatosis 
Moderate (30-60% 

steatosis) 
Severe (>60%) steatosis 

Teng et al [234] 2012 81% (n=101) 87.5% (n=24) 83.3% (n=6)*  

Deroose et al [237] 2011 87% (n=92) 87.5% (n=39) 84.5% (n=19) 78% (n=15) 

Doyle et al [238] 2010 90.7% (n=222) 92% (n=66) 81.5% (n=22)*  

Noujaim et al [239] 2009 85% (n=34) 56% (n=12) 63% (n=11)*  

Li et al [240] 2009 - 96.6% (n=29)† 93.1% (n=23)† 89.7% (n=18)† 

Gao et al [241] 2009 - 91.7% (n=24) 83.3%  (n=24) - 

Burra et al [244] 2009 86.4% (n=59) 82.6% (n=46) 81.1% (n=11)*  

Nikeghbalian et al [248]  2007 73.1% (n=90) 74% (n=50) 73% (n=34) - 

McCormack et al [249] 2007 86.4% (n=40) - - 95% (n=20) 

Perez-Daga et al [250] 2006 86% 72% 70% 58% 

Salizzoni et al [255] 2003 90% (n=796)‡ 76% (n=64)‡ - - 

Markin et al [261] 1993 82% (n=329) 80% (n=29)⁺  -  

*Moderate and severe steatosis groups combined (>30%) 

†Mild = <20% steatosis, Moderate = 21-40% steatosis, Severe = >40% steatosis 

‡No steatosis = <15% steatosis, Steatosis = >15% steatosis 

⁺Mild/Moderate = <45% steatosis  
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Table 16 Patient survival at three years post-transplantation 

Author Year No steatosis Mild (<30%) steatosis 
Moderate (30-60% 

steatosis) 
Severe (>60%) steatosis 

Teng et al [234] 2012 66.6% 58.3% 41.7%*  

Deroose et al [237] 2011 82% 74% 79% 67% 

Doyle et al [238] 2010 86.1% 86.4% 70.3% *  

Burra et al [244] 2009 79.7% 73.9% 81.1%*  

McCormack et al [249] 2007 83.2% - - 84.4% 

Salizzoni et al [255] 2003 86%‡ 61%‡ - - 

*Moderate and severe steatosis groups combined (>30%) 

‡No steatosis = <15% steatosis, Steatosis = >15% steatosis 
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4.4 Discussion 

 

Liver transplantation is the only curative treatment for end-stage liver disease (Section 2.5).  Appropriate 

selection of donor livers is a key aspect to ensure good patient outcome.  A growing disparity between the 

number of patients on the waiting list (demand) and the number of liver transplants performed each year 

(supply) has resulted in a high mortality rate of patients on the waiting list.  This has forced transplant 

units worldwide to use marginal or extended criteria liver grafts, which includes steatotic livers [83].  

Severely steatotic livers were first reported to be associated with PNF in the early 1990’s [60] and even as 

transplant units continued to push boundaries in many aspects of transplantation, there has been an on-

going reluctance to utilise steatotic livers.  If we are going to improve the outcome in this growing 

population of patients, a better understanding of the effect of hepatic steatosis in patients undergoing liver 

surgery is required.  The results of this systematic review have shown that the presence of >30% hepatic 

steatosis is associated with worse clinical outcome in patients undergoing OLT. 

 

There is growing evidence of increased morbidity in recipients of steatotic livers [11].  However, the 

actual degree of ‘acceptable’ hepatic steatosis is unclear and varies between liver transplant units.  

Primary non-function is a devastating outcome with significant morbidity and mortality [177].  The 

correlation in earlier studies between moderate (30-60%) and severe (>60%) steatotic livers [10] and 

increased rates of PNF or IPF led surgeons to discard these grafts except in urgent or exceptional 

circumstances [228].  In general, livers with <30% steatosis are not associated with poor graft outcome 

[11] and the included studies in our reviews were consistent with this.   

 

The current dilemma in liver graft selection are the grafts with >30% steatosis.  The studies in our review 

demonstrated that the rates of PNF in this group of liver grafts range from 0-33% with only a trend 

towards an increased rates of PNF.  When severely (>60%) steatotic liver grafts were utilized, the rates of 

PNF were significantly higher than non-steatotic or mild steatotic livers.  Similarly, rates of IPF were 

significantly higher in liver grafts with >30% steatosis compared to <30% steatosis.  Currently, livers with 

>60% steatosis are generally not acceptable while livers with 30-60% may be utilized in certain 

circumstances (i.e. low MELD score, shorter cold ischemic duration) [11]. 

 

Although some studies in this review have shown no difference in PNF or IPF in grafts with >30% 

steatosis, these studies did not disclose the type of steatosis [247, 263, 264] or the grafts were 
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predominantly of severe MiS [216, 249].  This confirms that grafts with >30% MaS is associated with 

increased rate of PNF and IPF.   

 

The studies included in this review have shown that donor liver grafts with >30% steatosis are associated 

with lower graft survival but only a trend towards decreased recipient survival post-transplant.  Donor 

liver grafts with >30% steatosis was first associated with poor outcome post-transplant by Portmann et al 

[265].  Since then, there is a general consensus that steatotic donor livers are associated with worse 

outcome [25, 61].  This holds true for donor livers with >60% steatosis but the controversy remains with 

the utilization of donor livers with 30-60% steatosis.  This was reflected in a study of surgeons from USA 

and United Kingdom where there were differing opinions on the acceptable upper limit of steatosis [228].  

Similarly, there is differing opinion on the impact of MiS [216, 226, 266] but to date clinical data have 

shown that MiS grafts irrespective of percentage, can be used without increasing the risk of PNF.   

 

The studies here have shown that 1-year graft survival is lower in liver grafts with >30% steatosis, 

particularly MaS but there is a lack of clear histological description of MaS and MiS in the studies.  

Reasons for decreased graft survival in liver grafts with >30% steatosis includes increased difficulty of 

surgery leading to increased intra-operative blood loss, underlying medical conditions and post-operative 

complications [249].  It may also be due to the slower recovery of synthetic function and increased 

susceptibility to injury of these liver grafts [63].  Despite lower graft survival in livers with >30% 

steatosis, recipient survival was not shown to be adversely affected by severity of donor liver steatosis 

although there was a trend towards decreased survival in some of the studies.  One reason for this may be 

the dramatic decrease in steatosis in steatotic grafts post-liver transplantation [249], which may explain 

why moderate-severely steatotic livers do not significantly impact long-term recipient survival as the 

immediate risk to recipients is in the early post-transplantation period from PNF.  Once the recipients get 

over the initial risk of PNF, the long-term outcome may not be as clear-cut.  The number of patients that 

received livers with >30% steatosis is relatively small and studies may not be sufficiently powered to 

detect a significant difference in patient survival between the groups.  Despite the heterogeneity of these 

studies, it is apparent that donor liver grafts with >30% steatosis is associated with lower graft survival 

and logically, this should impact on recipient survival but further studies with larger patient numbers will 

be required to determine the effect of steatosis on long-term recipient survival. 

 

The lack of consistent findings across the different studies can be attributed to the heterogeneity of the 

studies, which precluded performing a meta-analysis.  This heterogeneity includes donor, preservation, 
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operative and recipient factors.  These factors are poorly reported in the literature and contribute to the 

lack of consistency between the studies reviewed.  Additionally, these factors are rarely accounted or 

adjusted for in studies and may further contribute to the variable results across the literature.   

The difference in assessment of hepatic steatosis among the studies makes data comparison difficult 

(Section 2.4.1).  There is a lack of uniformity in the histological staining methods utilized and also a 

strong observer-dependence in histological assessment of hepatic steatosis [65].  There is also a lack of 

description of the type of hepatic steatosis in the studies included here.  This is an important issue, as there 

is still on-going debate about whether MaS or MiS is associated with poor outcome post-transplantation 

[227].  Additionally, the definitions of PNF and IPF have been variable in the literature and in clinical 

practice as there is a lack of consensus about the definition of PNF and IPF [267].  This would have 

contributed to the heterogeneity of the study results and led to a lack of consistent findings among the 

literature.  As the rates of PNF are low, there is likely significant type II error in studies with small 

numbers of severely steatotic livers as they would be insufficiently powered to detect differences.  This is 

an unavoidable issue as the number of severe steatotic liver grafts being utilized is generally low and a 

large multi-centred study would be required.  Due to the heterogeneity of the studies and the inconsistent 

definition of PNF/IPF, a meta-analysis was not able to be soundly conducted.   

 

Future studies will require usage of a standardised definition of PNF/IPF and this definition should be 

made by consensus in the transplantation world as it will improve future study quality.  Similarly, 

additional large multi-centre registry would be required to overcome the heterogeneity and statistical 

power issue, especially for the severe steatotic liver grafts as these are rare occurrences.  It may also be 

useful to calculate the “number needed to harm” of PNF in each group of steatotic livers as it allows us to 

be able to understand and convey the risks associated with hepatic steatosis.  This would also allow us to 

compare the risk of hepatic steatosis against other extended criteria donor-related risks such as older 

donors or DCD.  Furthermore, an improved understanding of the impact of additional risk factors such as 

cold ischemia time, Hepatitis C and age in the presence of steatosis would be essential to build a risk 

profile of each type of liver grafts but this would require large registry-based studies.  Ideally, a meta-

analysis should be performed to better inform future decision about the utility of steatotic livers in liver 

transplantation but it may be difficult due to the issues highlighted previously.   
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4.5 Summary 

 

This review has shown that donor livers with severe steatosis are associated with an increased risk of PNF 

and IPF while donor livers with moderate-severe steatosis are more likely to be associated with decreased 

graft survival.  Conflicting results between studies may be due to the heterogeneity of the study as well as 

inconsistent definitions of PNF/IPF.  Future studies will need to be large prospective multi-centred trials 

to provide further information regarding the true risks.  Until then, on the basis of the clinical evidence 

presented, liver transplant surgeons should proceed cautiously in using donor livers with greater than 

moderate hepatic steatosis. 
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Chapter 5   

Effect of hepatic steatosis on bioenergetic function during hepatic ischemia-

reperfusion: a systematic review 

 

 

5.1 Introduction 

 

In Chapter 3, the relationship between hepatic steatosis and outcome after IRI in experimental models was 

outlined while in Chapter 4, the interactions between steatosis and clinical liver surgery was outlined.  It 

was shown that steatotic livers had poor outcome after IRI and liver surgery but the reason for this 

relationship is unknown.   

 

Several hypotheses have been proposed to explain the increased susceptibility of steatotic livers to liver 

injury.  This included decreased intracellular energy levels (Section 2.6).  Mitochondrial energy supply is 

fundament for cellular survival and interruption of mitochondrial processes disrupts normal cellular 

bioenergetics, impairs cellular function and leads to cell death (Section 2.6.4).  The susceptibility of 

steatotic livers to IRI is multi-factorial (Section 2.6) and further studies are required to elucidate the 

underlying mechanism.  Given the importance of MF in cellular integrity, we have chosen to focus on 

investigating the role of MF in IRI. 

 

While there is a significant body of literature investigating various aspects of each of these hypotheses, 

there is no overview of the evidence on the relationship between the degree of steatosis and recovery of 

mitochondrial oxidative capacity following hepatic IRI.  Understanding this relationship and the 

functional consequences of hepatic steatosis is important to further improve outcome in patients 

undergoing liver resection or transplantation.  The aim of this study is to systematically review the 

literature to determine what is currently known about the impact of hepatic steatosis on cellular 

bioenergetics following hepatic IRI. 
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5.2 Methods 

 

 

5.2.1 Identification of papers 

 

An electronic search was performed of the Ovid Medline and Embase databases from January 1946 to June 

2012 using the following MeSH headings (/) and keywords (.mp); [Fatty liver OR hepatic steatosis OR 

microvesicular steatosis OR macrovesicular steatosis].mp; ischemia/ OR reperfusion injury/ OR ischemia 

reperfusion.mp.  The search was started from January 1946 to identify potential articles as early as was 

possible on the Ovid Medline database.  The search was limited to articles published in the English language.   

 

 

5.2.2 Selection criteria 

 

The search aimed to identify all studies that reported on hepatic bioenergetic function of animals or humans 

with hepatic steatosis that were subjected to IRI.  For the purpose of this review, bioenergetic impairment 

was defined as aberrations in OXPHOS and ATP production processes that are central to cell metabolism.  

Studies were excluded if they (i) included subjects with NASH rather than simple steatosis or (ii) were not 

original research (systematic review, narrative review, commentary or editorial).  NASH was defined as 

steatosis with hepatocellular injury and inflammation without fibrosis [1].   

 

 

5.2.3 Data analysis 

 

Potential articles were identified using the above search strategy.  Their titles and abstracts were manually 

screened by two reviewers.  Eligible articles were retrieved and screened in depth for eligibility and data 

extracted using a standardized pro forma.  Discrepancies were adjudicated independently by one of the 

supervisors.  Where publications used overlapping study populations, the publication with the largest 

number of patients/animals was selected.  Information obtained included study population, severity and type 

of steatosis, experimental model; duration and type of IRI (partial/total, warm/cold) and markers of 

bioenergetic function measured. 
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5.3 Results 

 

 

5.3.1 Selected papers 

 

Searches in Medline and Embase identified 181 and 308 articles, respectively.  After excluding duplicates 

and screening the abstracts, 65 articles were retrieved for evaluation.  A further 19 articles were identified 

from searching the reference lists.  Sixty-three studies met all the criteria and formed the basis of this review 

(Figure 6).  One study by Nakano et al. examined the effect of hepatic steatosis on bioenergetics in both 

warm and cold IRI [102].  The study utilized a model of partial warm hepatic ischemia for investigating 

warm IRI whereas for cold IRI, the livers were subjected to cold ischemia followed by perfusion in an 

isolated liver model.  There were no human studies that fulfilled the inclusion criteria.  Results from the 63 

studies are summarized according to the following type of IRI: partial (Table 17) and total (Table 18) warm 

IRI; cold preservation-reperfusion injury (PRI) following OLT (Table 19) and IPM (Table 20). 
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Figure 6 QUORUM Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n, number of papers 

1IRI, Ischemia-reperfusion injury 

Potentially relevant abstracts identified     

n = 489 

Papers excluded (n = 424)  

Did not report measures of bioenergetic 

function in steatotic livers undergoing 

ischemia-reperfusion 

Papers retrieved for detailed evaluation 

n = 65 

Papers identified from reference lists 

n = 19 

Potentially appropriate papers 

n = 84 

Papers excluded in systematic review          

n = 21 

- Did not have IRI1         = 15 

- Did not measure bioenergetics  = 2 

- Only studied non-steatotic livers    = 2 

- Duplicate population   = 2 

Papers included in the review 

n = 63 
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Table 17 Impact of partial hepatic warm ischemia-reperfusion injury and hepatic steatosis on bioenergetics 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 

Duration of 

reperfusion 

(mins) 

Parameters 

assessed 
Outcome 

Koti et al [199] Rat1 HCD 30-60 MaS 45 120 ATP ↓ATP 

Hafez et al [201] Rabbit1 HCD 40-60 MaS 60 420 CCO, CS ↓CCO, ↓CS 

Tacchini et al [268] Rat Genetic 60-70 MaS 60 120 to 24 hours GSH, HO-1, MDA 
↓GSH, ↓HO-1, 

↑MDA 

El-Badry et al [269] Mouse1 Genetic >60 MaS 45 180 HO-1, MDA ↑HO-1, ↑MDA 

Selzner et al [104] Mouse 
Genetic 

or CDD 
>60 

MaS 

(Genetic) 

MiS (CDD) 

45 30 to 24 hours ATP ↓ATP 

Llacuna et al [218] Mouse 
CDD, 

HC or 

genetic 
ns 

MiS (HC) 

MaS (CMDD) 

MaS 

(Genetic) 

90 360 
GSH, MDA, MPT, 

ROS 
↓GSH, ↑MDA, 

↑MPT, ↑ROS 

Sun et al [96] Rat Genetic >60 Mixed 40 60 
MMP, Sinusoidal 

diameter 
↓MMP 

Serafin et al [270] Rat Genetic 60-70 Mixed 60 
120, 360 or 24 

hours 
GSH,  MDA, SOD, 

TNF-α 
↓GSH, ↑MDA 

Casillas-Ramirez et al 

[271] 
Rat Genetic 60-70 Mixed 60 24 hours 

IGF-1, IGF-

I:IGFBP, p38, 

PPAR-γ 

↓IGF-1, ↓IGF-

1:IGFBP, 

↑PPAR-γ 

Rolo et al [22] Rat CDD >60 Mixed 90 720 

AdeNuc, ATP-

synthase, 

MitoResp (25°c), 

MMP,  MPT 

↓ATP, ↓ATP-

synthase, ↑State 

4, ↓RCR, 

↓MMP, ↑MPT 

Koneru et al [272] Rat Genetic ns Mixed 45 or 90 120 to 48 hours MDA ↑MDA 

Laurens et al [273] Rat Genetic 35 ± 2.6 ns 75 360 Apoptosis, ATP 
↓Apoptosis, 

↓ATP 
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AdeNuc, Adenine nucleotide; ATP, Adenosine Triphosphate; CCO, Cytochrome C Oxidase; CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; CS, Citrate 

synthase; Cyt-C, Cytochrome C; GSH, Reduced Gluthatione; GSSG, Gluthatione disulfide; HCD, High cholesterol diet; HFD, High fat diet; HO-1, Heme-oxygenase 1; IGF-1, 

Insulin-like growth factor-1; IGFBP, Insulin-like growth factor binding protein; JNK, Jun-N-Terminal kinase; MaS, Macrovesicular steatosis; MDA, Malondialdehyde; MiS, 

Microvesicular steatosis; MitoResp, Mitochondrial respiration; Mixed, Presence of both macrovesicular and microvesicular steatosis; MMP, Mitochondrial membrane potential; 

MPT, Mitochondrial permeability transition; ns, Not stated; P/O, Phosphate/oxygen ratio; PFD, Protein-free diet; PPAR, Peroxisome proliferator-activated receptor; RCR, 

Respiratory control ratio; SOD, Superoxide dismutase; State 4, State 4 respiration; TNF-α, Tissue necrosis factor-α  

1No lean control group in study   

2Nakano et al examined the effect of hepatic steatosis on bioenergetics in both warm and cold IRI 

Kaneshiro et al [274] Rat CMDD >30 ns 60 120 ATP, GSH, GSSG ↓ATP, ↓GSH 

Nakano et al [102] Rat2 CMDD 30-60 ns 30 720 GSH, GSSG ↓GSH 

Yamagami et al [275] Rat1 Genetic 40-60 ns 60 120 GSH, GSSG, HO-1 
↓GSH, ↑GSSG, 

↓HO-1 

Massip-Salcedo et al [276] Rat Genetic 60-70 ns 60 24 hours 

JNK, MDA,  p38, 

Peroxide, PPAR-α, 

TNF-α 

↑JNK, ↑MDA, 

↑p38, ↑Peroxide, 

↓PPAR-α 

Hong et al [277] Mouse 
Genetic 

or HFD 
>60 ns 50 360 PPAR-α, TNF- α 

↓PPAR-α, 

↑TNF-α 

Andraus et al [197] Rat PFD >60 ns 60 240 
MDA, 

MitoResp (28°c) 
↑MDA, ↓P/O 

Massip-Salcedo et al [278] Rat Genetic ns ns 60 30 to 24 hours HO-1, JNK, p38 ↑HO-1 

Selzner et al [103] Rat Genetic ns ns 60 180 to 48 hours Caspase 3 & 8, 

Cyt-C release 

↓Caspase 3 & 8 

activity,  

↓Cyt-C release 

Selzner et al [279] Mouse CDD ns ns 75 
240 or 24 

hours 
ATP, Caspase-3 

↓ATP, 

↓Caspase-3 
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Table 18 Impact of total hepatic warm ischemia-reperfusion injury and hepatic steatosis on bioenergetics 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 

Duration of 

reperfusion 

(mins) 
Parameters assessed Outcome 

Domenicali et al [185] Rat1 CDD >30 MaS 60 120 
F1-ATP synthase, 

GSH, MDA, PC 
↓F1-ATP Synthase, 

↓GSH, ↑MDA, ↑PC 

Fiorini et al [280] Mouse1 Genetic 30-60 MaS 15 24 hours ATP, GSH, UCP-2 
↓ATP, ↓GSH, 

↑UCP-2 

Caraceni et al [186] Rat CDD 50-60 MaS 60 30 or 120 
ATP Synthase, GSH, 

GSSG,  MDA, 

MitoResp (30°c), PC 

↓ATP Synthase, 

↓GSH, ↑GSSG, 

↓MDA, ↓State 3, 

↓RCR, ↑PC 

Chavin et al [281] Mouse1 Genetic >60 MaS 15 90 to 48 hours ATP, UCP-2 ↓ATP, ↑UCP2 

Marsman et al [187] Rat CMDD >60 MaS 40 24 hour TAC, TNF-α ↓TAC, ↑TNF-α 

Hui et al [193] Rat CDD >60 MaS 30, 45 or 60 60 ATP, TAN 
↓ATP, ↓TAN, 

↓Energy charge 

Evans et al [282] Mouse Genetic ns MaS 15 1 or 24 hours ATP, MDA, UCP-2 
↓ATP, ↑MDA, 

↑UCP-2 

Chavin et al [132] Mouse Genetic ns Mixed 15 24 hours 
ATP, MitoResp (37°c), 

MMP, UCP-2 

↓ATP, ↑Proton leak, 

↑State 3 & 4 (With 

succinate), ↑UCP-2 

Luo et al [198] Mouse HF+CMDD <30 Mixed 15 180 NOx, TBARS, TNF-α 
↑NOx, ↑TBARS, 

↑TNF-α 

Serviddio et al [283] Rat HF+CMDD >60 Mixed 60 24 hours 
ATP, ATP-synthase, 

Peroxide 
↓ATP-synthase 

Mosbah et al [284] Rat Genetic 60-70 Mixed 60 24 hours 

Caspase 3, Caspase 9, 

Caspase 12, Cyt-C 

release, JNK, MDA, 

p38, TNF- α 

↓Caspase 3, 

↓Caspase 9, 

↓Caspase 12, 

↓Cyt-c release, 

↓JNK, ↑MDA, ↑p38, 
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ATP, Adenosine Triphosphate; CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; GSH, Reduced Gluthatione; GSSG, Gluthatione disulfide; HFD, High-

fat; JNK, Jun-N-Terminal kinase; MaS, Macrovesicular steatosis; MDA, Malondialdehyde; MitoResp, Mitochondrial respiration; Mixed, Presence of both macrovesicular and 

microvesicular steatosis; MMP, Mitochondrial membrane potential; NOx, Nitrates/Nitrites; ns, Not stated; PC, Protein carbonyl; RCR, Respiratory control ratio; State 3, State 3 

respiration; State 4, State 4 respiration; TAC, Total antioxidant capacity; TAN, Total adenine nucleotides; TBARS, Thiobarbituric acid reactive substances; TNF-α, Tissue 

necrosis factor-α; UCP-2, Uncoupling protein-2 

1No lean control group in study

↑TNF-α 

Ellet et al [285] Mouse Genetic 60-70 ns 15 24 hours ATP, UCP-2 ↓ATP, ↑UCP-2 

Evans et al [286] Mouse1 Genetic ns ns 15 1 or 24 hours ATP, GSH, UCP-2 
↓ATP, ↓GSH, 

↑UCP-2 

Wan et al [287] Mouse Genetic ns ns 15 30 to 25 hours TNF-α, UCP-2 ↑TNF-α, ↑UCP-2 

Nardo et al [288] Rat CDD ns ns 60 30 or 120 GSH, MDA, PC ↓GSH, ↑MDA, ↑PC 
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Table 19 Impact of cold preservation-reperfusion injury with orthotopic liver transplantation and hepatic steatosis on bioenergetics 

AdeNuc, Adenine nucleotide; ATP, Adenosine Triphosphate; CMDD, Choline-methionine deficient diet; Dex, High dextrose feed; EM, Electron microscopy; GSH, Reduced 

gluthatione; HO-1, Heme-oxygenase 1; MaS, Macrovesicular steatosis; MDA, Malondialdehyde; Mixed, Presence of both macrovesicular and microvesicular steatosis; NOx, 

Nitrates/Nitrites; ns, Not stated; PPAR, Peroxisome proliferator-activated receptors; SOD, Superoxide dismutase; TNF-α, Tissue necrosis factor-α; UCP-2, Uncoupling protein-

2; XDH, Xanthine dehydrogenase; XOD, Xanthine oxidase 

1No lean control group in study

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 

Duration of 

reperfusion 

(mins) 

Parameters 

assessed 
Outcome 

Man et al [289] Rat1 Genetic 35-50 MaS 40 48 hours 
ATP,  EM,  

TNF-α, UCP-2 

↓ATP, ↑Mitochondrial 

damage, ↑TNF-α, 

↑UCP-2 

Carrasco-Chaumel et al [290] Rat Genetic 30-60 Mixed 360 240 
AdeNuc, MDA, 

Nitrotyrosine 
↑MDA, 

↑Nitrotyrosine 

Fernandez et al [291] Rat Genetic 30-60 Mixed 360 240 
GSH, MDA, SOD, 

TNF-α 
↑MDA, ↓SOD 

Casillas-Ramirez et al [292] Rat Genetic 40-60 Mixed 360 240 PPAR-γ ↑PPAR-γ 

Jimenez-Castro et al [293] Rat1 Genetic 40-60 Mixed 360 240 

AdeNuc, ATP, 

GSH,  MDA, 

Nitrotyrosine,  NOx, 

SOD, XDH/XOD 

↓AdeNuc, ↓ATP, 

↓GSH, ↑MDA, 

↑Nitrotyrosine, ↑Nox, 

↓SOD, ↑XOD 

Uchino et al [294] Rat Dex ns Mixed ns 7 days TNF-α, UCP-2 ↑TNF-α, ↑UCP-2 

Pantoflicek et al [295] Rat CMDD >54 ns 240 14 days GSH No difference 

Amersi et al [296] Rat1 Genetic ns ns 240 14 days HO-1 ↓HO-1 



131 

 

Table 20 Impact of cold preservation-reperfusion injury with isolated perfused model and hepatic steatosis on bioenergetics 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration of 

ischemia 

(mins) 

Duration of 

reperfusion 

(mins) 
Parameters assessed Outcome 

Hata et al [297] Rat1 FFD-C <60 MaS 24 hours 45 
ATP, EM, GLDH, 

MDA, OxyC 

↓ATP, ↑Mitochondrial 

damage, ↑GLDH, 

↑MDA, ↓OxyC 

von Heesen et al [207] Rat FFD-C 40-50 MaS 24 hours 60 
Caspase 3, GLDH, 

MDA 
↑Caspase 3, ↑GLDH, 

↑MDA 

Nardo et al [298] Rat CDD >60 MaS 60 60 
GSH, MDA, 

Superoxide 
↓GSH, ↑MDA, 

↑Superoxide 

Caraceni et al [211] Rat CDD >60 MaS 18 hours 30 or 120 

ATP, ATP Synthase, 

Complex I, MitoResp 

(30°c) 

↓ATP, ↓ATP Synthase, 

↓Complex I, ↓RCR, 

↓State 3 

Ferrigno et al [299] Rat Genetic ns MaS 360 120 NOx, TAN ↓ATP, ↓TAN, ↑NOx 

Vairetti et al [300] Rat Genetic ns Mixed 360 120 

AdeNuc, Caspase-3, 

GSH, NOx, 

Superoxide, 

TNF-α 

↓ATP/ADP ratio, 

↑Caspase-3, ↓GSH, 

↑NOx, ↑Superoxide, 

↑TNF-α 

Minor et al [213] Rat1 FFD-C <60 Mixed 24 hours 45 EM, GLDH 
↑Mitochondrial damage, 

↑GLDH 

Eipel et al [134] Mouse Genetic >60 Mixed 24 hours 120 GLDH, UCP-2 ↑GLDH, ↑UCP-2 

Zaouali et al [301] Rat Genetic 60-70 Mixed 24 hours 120 
HO-1, MDA, NOx, 

Superoxide, TNF-α 
↑MDA, ↑Superoxide, 

↑TNF-α 

Zaouali et al [302] Rat Genetic 60-70 Mixed 24 hours 120 

Caspase 3, Caspase 9, 

Caspase 12, 

IGF-1, PPAR-γ 

↓Caspase 3, ↓Caspase 9, 

↓Caspase 12 

Tolba et al [303] Rat1 FFD-C <60 ns 24 hours 45 
ATP, EM, GLDH, 

MDA, TAN 

↓ATP, ↑Mitochondrial 

damage, ↑GLDH, 

↑MDA, ↓TAN 
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AdeNuc, Adenine nucleotide; AMPK, Adenosine monophosphate-activated protein kinase; ATP, Adenosine Triphosphate; CDD, Choline-deficient diet; CMDD, Choline-

methionine deficient diet; Complex I, Mitochondrial Complex I activity; EM, Electron microscopy; FFD-C, Fast for 2 days and fat-free diet enriched with carbohydrate; GLDH, 

Glutamate Dehydrogenase; GSH, Reduced Gluthatione; GSSG, Gluthatione disulfide; HIF-1, Hypoxia-inducible factor 1; HO-1, Heme-oxygenase 1; IGF-1, Insulin-like growth 

factor-1; MaS, Macrovesicular steatosis; MDA, Malondialdehyde; MitoResp, Mitochondrial respiration; Mixed, Presence of both macrovesicular and microvesicular steatosis; 

NO, Nitric oxide; NOx, Nitrates/Nitrites; ns, Not stated; OxyC, Oxygen consumption; PPAR-γ, Peroxisome proliferator-activated receptors-γ; RCR, Respiratory control ratio; 

State 3, State 3 respiration; TAN, Total adenine nucleotides; TNF-α, Tissue necrosis factor-α; UCP-2, Uncoupling protein-2 

1No lean control group in study 

2Nakano et al examined the effect of hepatic steatosis on bioenergetics in both warm and cold IRI

Nakano et al [102] Rat2 CMDD 30-60 ns 24 hours 120 GSH, GSSG, MDA ↓GSH, ↓GSSG 

Amersi et al [296] Rat1 Genetic ns ns 360 120 HO-1 ↓HO-1 

Zaouali et al [304] Rat1 Genetic ns ns 24 hours 120 
GLDH, MDA, NOx, 

p38, TNF-α 
↑GLDH, ↑MDA, ↑NOx, 

↑p38, ↑TNF-α 

Zaouali et al [305] Rat1 Genetic ns ns 24 hours 120 
ATP, AdeNuc, 

GLDH, MDA 
↓ATP, ↓AdeNuc, 

↑GLDH, ↑MDA 

Zaouali et al [306] Rat Genetic ns ns 24 hours 120 
GLDH, HIF-1, HO-1, 

NOx 
↑GLDH 

Mosbah et al [307] Rat Genetic ns ns 24 hours 120 
AdeNuc, AMPK, 

GLDH, MDA, NOx, 

Superoxide 

↓AdeNuc, ↓ATP, 

↑GLDH, ↑MDA, 

↑Superoxide, 

Mosbah et al [308] Rat Genetic ns ns 24 hours 120 
AdeNuc, AMPK, 

GLDH, HO-1, MDA, 

NOx 

↓AdeNuc, ↓AMPK, 

↓ATP, ↑GLDH, ↓HO-1, 

↑MDA 

Mosbah et al [309] Rat Genetic ns ns 24 hours 120 GLDH, MDA, NO ↑GLDH, ↑MDA 

Mosbah et al [310] Rat Genetic ns ns 24 hours 120 
ATP, AdeNuc, EM, 

MDA 

↓ATP, ↓AdeNuc, 

↑Mitochondrial damage, 

↑MDA, 
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5.4 Analysis and discussion 

 

 

5.4.1 Method and duration of ischemia-reperfusion injury 

 

5.4.1.1 Warm ischemia-reperfusion injury 

 

Thirty-six studies examined the effect of warm IRI and steatosis on bioenergetics.  In human liver resection, 

the liver is subjected to warm ischemia when the Pringle maneuver is applied to minimize blood loss [87].  

In liver transplantation, the graft is subjected to warm ischemia before organ procurement (in-situ) and 

during graft implantation (in-situ partial re-warming ischemia) [6].  In the studies reviewed, warm ischemia 

was performed in vivo with either partial hepatic ischemia (PHI) affecting ~70% of the total liver volume 

(n=21, Table 17) or THI (n=15, Table 18).  One study used warm storage at 37°C prior to reperfusion via 

IPM [288].  There was a significant variation in the duration of warm ischemia and reperfusion times with 

33 different combinations of warm ischemia and reperfusion used.  The most common length of PHI and 

THI was 60 (n=10, range 30–90 minutes) and 15 minutes (n=8, range 15–60 minutes), respectively.  The 

duration of reperfusion ranged from 30 minutes to 48 hours.  Thirteen of the 36 studies investigated several 

different time-points of reperfusion.  The variability of duration of IRI limited detailed comparison amongst 

the studies. 

 

 

5.4.1.2 Cold preservation-reperfusion injury 

 

Twenty-eight studies examined the effect of cold PRI and steatosis on bioenergetics.  Following cold 

ischemia, livers in 8/28 studies were reperfused in vivo using an OLT model (Table 19).  Twenty studies 

reperfused ex vivo using a normothermic liver perfusion circuit – IPM (Table 20) while one study 

investigated both OLT and IPM [296].  The most common duration of cold ischemia was 24 hours (n=15 

studies, range 40 minutes – 24 hours) while the most common length of reperfusion was 120 minutes (n=15, 

range 30 minutes – 14 days).  The duration of cold ischemia was similar to the maximal duration of hepatic 

cold ischemia in clinical transplantation (24 hours) but the duration of reperfusion was greatly variable as 

there were 10 combinations each with different lengths of ischemia and reperfusion.  This variability again 

limited the comparison or generalization of results between studies.  In laboratory studies, the model of IPM 

was used as it allows evaluation of hepatic function, removed from the influence of other organs, undefined 
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plasma constituents, and neural/hormonal effects [219].  However, this poses an issue as IPM does not 

mimic clinical transplantation where the liver is perfused with the influence of other organ systems and 

under hormonal/neural effects.  The IPM model may be suitable to evaluate isolated hepatic function but 

does not truly reflect in vivo reperfusion. 

 

The variation in methods and IRI duration allows investigation of factors affecting outcome in steatotic 

livers under different settings (e.g. liver resection warm IRI vs. transplant cold PRI).  We acknowledge that 

there are different surgical procedures and that the range of potential ischemic durations during surgery will 

vary, and also there is a need to mimic clinical situations in experimental studies.  However, current 

experimental IRI models appear to be based on laboratory preferences and although the duration of warm 

ischemia may vary slightly (minutes) between studies, the effects on hepatic function is unknown.  

Therefore there is a need for a consistent duration of IRI and careful consideration of the model of IRI [85], 

which would permit consistent evaluation of hepatic function. 

 

 

5.4.2 Variation in animal models utilized for ischemia-reperfusion injury (Table 21) 

 

5.4.2.1 Warm ischemia-reperfusion injury 

 

Among the 36 studies, the majority were performed on rodents; rats (n=22) and mice (n=13).  Hepatic 

steatosis was induced using Zucker fa/fa rats (n=11), ob/ob mouse (n=11), CDD or CMDD (n=11), HCD 

(n=3), HF+CMDD (n=2), PFD (n=1) and HFD (n=1).  Three studies utilized more than one method of 

inducing hepatic steatosis [104, 218, 277].  A control group, receiving a standard diet, was included in 28/36 

(78%) studies.  Moderate-severe (>30% of hepatocytes contain cytoplasmic fat inclusions) steatosis was 

reported in 25 studies and 1 study presented with mild (<30%) steatosis.  MaS was present in 13 studies, 

MiS in 2 studies and a mixed picture was reported in 9 studies.  Two studies investigated both macro- and 

microvesicular steatosis in the experiment [104, 218].  Four studies did not report on the severity of steatosis, 

8 studies did not report on the type of steatosis and 6 studies did not report on both the severity and type of 

steatosis. 
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5.4.2.2 Cold preservation-reperfusion injury 

 

All 28 studies were performed in rodents; rats (n=27) and mice (n=1).  Hepatic steatosis was induced using 

Zucker fa/fa rats (n=17), CDD or CMDD (n=4), 2 days of fasting followed by FFD-C (n=4), dextrose-

induced (n=1), and ob/ob mice (n=1).  A control group fed a standard diet was included in 19/28 (68%) 

studies.  Moderate-severe steatosis was reported in 16 studies.  MaS was present in 6 studies and mixed 

steatosis was in 10 studies.  Three studies did not report on the severity of steatosis, 3 studies did not report 

on the type of steatosis and 8 studies did not report on both. 

 

As the pathogenesis of hepatic steatosis is variable in each model, this raises a difficult issue in comparing 

results across these studies.  This issue is consistent with the on-going debate surrounding the selection of 

the appropriate animal model for mimicking human hepatic steatosis [184] and the choice of animal model 

is largely individualized to each laboratory.  There are recognized difficulties in mimicking human hepatic 

steatosis in animal models, so several different methods for experimentally inducing steatosis have evolved 

over recent years.  However, there remains a general lack of consistency in reporting the degree and type of 

steatosis induced.  The inconsistency and paucity of histological descriptions among the studies (32/63 had 

no description of severity and/or type of steatosis) makes data interpretation and comparison difficult.  

Debate still remains around the utility of individual staining methods, or whether histological diagnosis is 

still the gold standard [65].  This has remained a major factor in the difficulty of making detailed 

comparisons between both experimental and clinical studies. 

 

In practice, a wide range of steatotic livers present clinically and the lack of cohesiveness in experimental 

models can preclude meaningful interpretation.  There remains a definite need for a consistent animal model 

that better mimics the majority of clinical scenarios.  More importantly, there needs to be improved reporting 

of tissue histology as this would allow for more valid comparisons and greater general application of data 

in this field.  Table 21 summarizes the different animal models used in these studies. 

 



136 

 

Table 21 Published animal models of hepatic steatosis used 

CDD, Choline deficient diet; CMDD, Choline-methionine deficient diet; FFD-C, Fast for 2 days and fat-free diet enriched with 

carbohydrate; HCD, High cholesterol diet; HF, High-fat; PFD, Protein-free diet 

 

 

  

Animal (Strain) Models of steatosis Reference 

Rat, Zucker 
Genetic, Leptin receptor 

abnormality 
[96, 103, 268, 270-273, 275, 276, 278, 284, 289, 

291-293, 296, 299-302, 304-310] 

Rat, Wistar 

CDD / CMDD [22, 102, 186, 187, 193, 218, 274] 

HF+CMDD [283] 

FFD-C 

PFD 

HCD 

[297, 303] 

[197] 

[218] 

Rat, Sprague-Dawley 

CDD [185, 211, 288, 298] 

HCD [199] 

FFD-C [207] 

Rat, Lewis CMDD [295] 

Rat, ACI Dextrose [294] 

Mouse, Ob/ob Genetic, Leptin deficient [104, 132, 134, 269, 277, 280-282, 285-287] 

Mouse, C57 
CDD 

HF+CMDD 

[279] 

[198] 

Rabbit, New Zealand white HCD [201] 
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5.4.3 Bioenergetics, mitochondrial function (Table 22) 

 

For the purpose of this review, 5 of the 63 papers measured mitochondrial respiration post-IRI but each of 

the studies had different models of IRI and conditions for measuring MF (Table 22).   

 

Mitochondria generate 95% of the cell’s ATP via OXPHOS (Section 2.7).  This occurs as a result of electron 

transfer through four complexes of the ETS, three of these complexes (complexes I, III and IV) pump or 

translocate protons from the mitochondrial matrix to the inner mitochondrial membrane space to generate a 

proton gradient and electronic potential (Figure 1).  The flow of protons through the F1/F0 ATP-synthase 

back into the matrix then couples the ETS to ATP synthesis.  Appropriate MF is critical for proper cellular 

function, and MD has wide metabolic consequences for the cell and survival. 

 

Electron flow and ATP synthesis can be disrupted in different pathological states [108].  Hypoxia or 

impaired ATP-synthase function (through lack of ADP or inhibition) will result in elevation of the 

membrane potential, and reduce the ETS complexes and promote O2
.- release from complexes I and III [108].  

There are additional interactions in hypoxic settings where O2
.- will interact with NO to form ONOO.- and 

the subsequent formation of H2O2  from O2
.- promotes interactions between divalent metal ions through 

Haber-Weiss reactions [112].  ONOO.- will react with numerous mitochondrial proteins, but it has 

considerable influence over CI and depresses its activity [114].  Interactions with H2O2 can also drive 

substantial damage to mitochondrial membranes and promote mitochondrial membrane permeabilisation 

and consequently apoptosis [117].  

 

Impaired MF has been implicated as a contributory factor in the lower tolerance of steatotic livers to IRI 

[186].  However, the specific sites impacted within dysfunctional mitochondria have yet to be thoroughly 

described.  Using different substrate/inhibitor protocols, researchers are now able to test the flux through 

different respiratory complexes within the ETS and estimate respiration efficiencies [165].  CI substrates 

are derived from TCA cycle dehydrogenase reactions and release NADH, while CII, which is part of the 

TCA cycle, is directly fueled by succinate.  Other substrates can fuel different complexes such as electron 

flavoproteins and selective inhibition using specific poisons can isolate each ETS and OXPHOS complex 

[163].  The efficiency of respiration flux can also be estimated by testing State 4 respiration (i.e. in a non-

phosphorylating respiration state) and State 3 respiration (OXPHOS or ADP-stimulated respiration [164]), 

and deriving a ratio termed the RCR.  RCR consists of the State 3 respiration flux relative to State 4 

respiration and is a measure of the degree of coupling or intactness of the mitochondrial ETS [165].  
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Essentially the higher or lower the ratio, the more or less respectively of overall respiration contributes to 

ATP synthesis.  An additional measure of efficiency is the P/O ratio, which is an estimate of the amount of 

ATP formed per molecule of oxygen consumed.   

 

 

5.4.3.1 Mitochondrial function analysis in warm ischemia-reperfusion injury 

 

Four of the 5 studies reported on MF following warm IRI.  Only 1/4 studies reported on State 4 respiration 

and this was increased in steatotic livers after IRI (90 minutes PHI and 12 hours reperfusion) when measured 

at 25°C [22].  This indicated increased proton leak across the inner mitochondrial membrane and possibly 

signifying increased inner membrane permeability.  Similarly, Chavin et al [132] also showed increased 

proton leak in steatotic livers pre-IRI when measured at 37°C.  State 3 respiration was reported in 2 studies 

with conflicting results.  Rolo et al [22] showed no difference in state 3 respiration post-IRI between liver 

types whereas Caraceni et al [186] showed decreased state 3 respiration in steatotic livers, indicating 

impaired ETS capacities in steatotic livers. 

 

This was further shown when the RCR of steatotic liver mitochondria showed no difference to control livers 

at baseline pre-IRI [132, 186] but showed a significant decrease post-IRI [22, 186].  Interestingly, one study 

noted a downward trend in P/O ratio in post-IRI steatotic livers [197], but there was no difference in P/O 

ratio between the two groups of livers pre- or post-IRI [22, 186].  There was also no difference in FCCP-

induced (a mitochondrial respiratory uncoupler) respiration post-IRI indicating no difference in maximal 

ETS capacity between the liver types [22].   

 

 

5.4.3.2 Mitochondrial function analysis in cold preservation-reperfusion injury 

 

Among the 5 studies, only one study reported on MF following cold PRI and was in an IPM [211].  In the 

study, there was no difference in state 4 respiration between liver types post-IRI when measured at 30°C 

but state 3 respiration was decreased in steatotic livers.  However it was not statistically significant.  Baseline 

RCR was similar between steatotic and control livers but post-IRI RCR was significantly lower in steatotic 

livers.  There was also no difference in P/O ratio pre- or post-IRI between the two groups of livers. 
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Due to different experimental conditions within each study, it is difficult to make conclusions regarding 

state 3 or 4 respiration in steatotic livers and experiments conducted at sub-physiological temperatures may 

influence results.  We note that only 1 study measured MF at the physiological temperature of 37°C [132].  

Mitochondrial respiration is temperature dependent, in particular state 4 respiration [311] and many studies 

use different assay temperatures ranging from 25oC to 37oC.  Despite this, steatotic livers show a trend of 

decreased RCR values post-IRI, suggesting impaired mitochondrial efficiencies.  This indicates that 

mitochondrial efficiency in steatotic liver is more greatly affected by IRI and this is supported by the 

presence of increased proton conductance across the inner mitochondrial membrane in steatotic livers 

following IRI.  This may add to the susceptibility of steatotic livers to IRI.  However, future MF studies 

should be undertaken at the physiological temperatures to better depict MF and to permit better comparisons 

among studies.  This will allow greater understanding of the underlying bioenergetics and specifically 

mitochondrial impairment in steatotic livers. 

 

 

5.4.4 Bioenergetics, mitochondrial enzyme activities (Table 22) 

 

 

5.4.4.1 Complex I and II activity 

 

Seven of the 63 studies measured mitochondrial enzyme activity following IRI.  CI activity was reported in 

1 study following cold PRI and was shown to be decreased in steatotic livers [211].  As CI pumps protons 

across the inner mitochondrial membrane to aid development of the proton gradient, a decrease in CI 

function would lead to decreased ATP generation.  Chavin et al [132] also showed that steatotic livers have 

increased CII flux at baseline, and may indicate compensation for the decreased CI activity.  However, as 

CII does not pump, it is less coupled to ATP synthesis (at only two sites, versus three sites for CI) as it 

contributes substantially less to the proton gradient formation relative to oxygen flux.  In essence more 

oxygen is consumed per ATP formed. 

 

 

5.4.4.2 Cytochrome C oxidase and citrate synthase activity 

 

Another potential explanation for the difference in MF would be a difference in CCO or citrate synthase 

(CS) activity.  CCO reduces di-oxygen to water and pumps protons as part of the ETS whereas CS is used 
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as a marker of mitochondrial abundance [312] as it is the entry point of the TCA cycle.  Both enzyme 

activities were shown to be significantly lower in steatotic livers from New Zealand rabbits post-warm IRI 

when compared to sham-operated rabbits but there were no rabbits with lean livers to compare the results 

to [201].  These findings may partly explain the increased susceptibility of steatotic livers to IRI but thus 

far, no other studies have documented or compared CCO/CS activity between the two groups of livers.   

 

 

5.4.4.3 ATP-synthase activity 

 

Steatotic livers were shown to have decreased ATP-synthase activity [22, 185, 186, 211, 283] following IRI.  

A decrease in ATP-synthase function leads to decreased ATP production and impairment in ATP synthetic 

capacities following IRI.  In the presence of oligomycin (ATP-synthase inhibitor), Rolo et al [22] showed 

no difference in mitochondrial respiration post-warm IRI.  This suggested that the increase in resting 

mitochondrial flux was likely due to increased proton slip at ATP-synthase and reaffirmed the finding of 

impaired ATP-synthase function in steatotic livers.   

 

Based on the limited number of studies, steatotic livers were shown to have decreased CI, CCO, CS, and 

ATP-synthase activity following IRI.  These results support the notion that steatotic livers have impaired 

MF post-IRI, especially CI, which appears susceptible to IRI [211].  However, the exact mechanisms of the 

impairment are yet to be well-described.  Additionally, the small number of studies that reported on CI, 

CCO or CS in different IRI setting limits the generalization of the data and further studies should be repeated 

in different methods of IRI to allow better delineation of which enzyme is affected the most by the presence 

of steatosis and IRI.  Despite this, steatotic liver shows impaired ATP-synthase activity following warm IRI 

but further investigations in cold PRI will need to be repeated to confirm the finding in the sole study that 

reported on ATP-synthase activity in an IPM. 

 

 

5.4.5 Bioenergetics, mitochondrial membrane analysis (Table 22) 

 

Two of the 63 studies reported on MMP following IRI and similarly, 2/63 studies reported on MPT.  As the 

mitochondria require a proton gradient for efficient phosphorylation of ADP to ATP, a decrease in MMP 

would lead to decreased ATP production.  In both studies, steatotic livers were shown to have decreased 

MMP [22, 96] and increased lag phase (time to achieve ADP phosphorylation) [22] suggesting that steatotic 
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livers are more susceptible to increased proton leak, impairing ATP synthesis and increasing the probability 

for necrosis.  The 2 studies that reported on MPT also showed that steatotic livers are more susceptible to 

MPT induction increasing the probability of cell death [22, 218]. 

 

These findings are consistent with increased proton slip at the ATP-synthase and CI (Section 5.3.4) but also 

suggest that steatotic liver is more susceptible to MPT induction following warm IRI.  These results also 

correlate with the decreased RCR observed in steatotic liver and this further depresses the capacity of 

steatotic livers to recover following warm IRI.  However, there were no reports of MMP/MPT in cold PRI.  

Further studies will need to be carried out to investigate whether similar findings occur in steatotic livers 

following cold PRI. 

 

 

5.4.6 Bioenergetics, hepatic energy status (Table 22) 

 

Twenty-six of the 63 papers reported on hepatic energy status post-IRI in steatotic livers.  Fourteen studies 

were post-warm IRI and 9 studies were in an IPM while the remaining 3 studies were post-OLT.  During 

the period or at the end of warm ischemia, ATP was low for both steatotic and lean livers [104, 193].  

However, the recovery of ATP levels in post-IRI steatotic livers were slower [104, 132, 193], with decreased 

ATP [104, 274, 279-282, 285, 286] and increased ADP concentrations [22, 193], and the net effect of 

decreased overall energy charge [193] of steatotic livers.  Similarly, at the end of cold ischemia, ATP levels 

showed no difference between steatotic and lean livers [211].  However, the recovery of ATP levels in post-

cold PRI steatotic livers was reportedly slower [211], with decreased ATP [211, 282, 289, 293, 297, 300, 

303, 305, 307, 310] and increased ADP concentrations [299], and the net effect of decreased overall energy 

charge [308].  

 

While one study reported similar levels of ATP post-warm IRI between the 2 groups of liver [283] and 

another reported no difference in levels of ADP and ATP between liver types post-OLT [290], the overall 

findings suggests that steatotic livers have decreased energy status following IRI.  This is consistent with 

altered MF (CI, CCO, CS, ATP-synthase, MMP and MPT induction) following IRI and will compromise 

the ability of steatotic livers to recover following the ischemic insult.  These further indicate that 

mitochondria play key roles in the susceptibility of steatotic livers to IRI.  
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Table 22 Summary of mitochondrial function, enzyme activity, membrane potential, and 

permeability transition; and energy status under different experimental conditions 

ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; CCO, Cytochrome c oxidase; Complex I, Mitochondrial complex 

I; Complex IV, Mitochondrial complex IV; CS, Citrate synthase; IRI, Ischemia-reperfusion injury; MMP, Mitochondrial 

membrane potential; MPT, Mitochondrial permeability transition; P/O, Phosphate/Oxygen; RCR, Respiratory control ratio; State 

3, State 3 respiration; State 4, State 4 respiration 

Parameter of 

mitochondrial function 
Findings (Temperature of 

mitochondrial experiment) 
Reference 

State 3 respiration 

No difference at baseline (30°C) [186] 

↓Post-warm/cold IRI (30°C) [186, 211] 

No difference post-warm IRI (25°C) [22] 

State 4 respiration 
No difference post-cold PRI (30°C) [211] 

↑Post-warm IRI (25°C) [22] 

RCR 

No difference at baseline (30°C or 

37°C) 
[132, 186, 211] 

↓Post-warm/cold IRI (25°C or 30°C) [22, 186, 211] 

P/O ratio 

No difference at baseline or post-

warm/cold IRI (25°C or 30°C) 
[22, 186, 211] 

Trend towards ↓post-warm IRI (28°C) [197] 

Oxidative capacity 

(FCCP-induced) 
No difference post-warm IRI (25°C) [22] 

Complex I activity ↓Post-cold PRI [211] 

CCO (Complex IV) 

activity 
↓Post-warm IRI [201] 

CS activity ↓Post-warm IRI [201] 

ATP-synthase activity ↓Post-warm/cold IRI [22, 185, 186, 211, 283] 

MMP ↓Post-warm IRI [22, 96] 

MPT ↑Induction post-warm IRI [22, 218] 

Adenine nucleotides 

Similar ATP during ischemia [104, 193, 211] 

↓ATP recovery [104, 132, 193, 211] 

↑ADP levels post-IRI [22, 193, 299] 

↓ATP levels post-IRI 
[104, 211, 274, 279-282, 285, 286, 

289, 293, 297, 300, 303, 305, 307, 

310] 

↓Overall energy charge post-IRI [193, 308] 

No difference in ADP or ATP post-

transplantation 
[290] 

No difference in ATP post-warm IRI [283] 
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5.4.7 Mitochondrial damage, oxidative stress and antioxidants (Table 23) 

 

5.4.7.1 Steatotic livers have increased mitochondrial and oxidative damage following ischemia-reperfusion 

injury 

 

Thirty-three of the 63 studies measured mitochondrial damage and oxidative stress in steatotic livers 

following IRI.  While mitochondria are often cited as the major source of intracellular ROS, in health they 

produce little in vivo [110].  However, ROS production rates increase during a number of different 

pathological processes, including IRI and this can promote oxidative stress and cellular damage [124].  

Under such circumstances, mitochondria also become potential targets of ROS-mediated damage [125].  

ROS generation in IRI also increases on reperfusion as a result of the re-introduction of oxygen.  ROS 

damage will impact mitochondrial integrities, to further impair cellular oxygen utilization, ATP generation, 

and cell death with subsequent organ dysfunction and damage.  In hepatic IRI, ROS production has been 

widely thought of as a key event for cellular damage [111, 127].   

 

 

5.4.7.2 Superoxide production and superoxide dismutase function 

 

O2
.- is the initial ROS which is generated as a by-product of mitochondrial respiration.  However, other 

enzymes such as XOD, nicotinamide adenine dinucleotide phosphate-oxidase and monoamine oxidase also 

release O2
.-, and this can lead to generation of stronger oxidants such as hydroxyl radicals, which can damage 

most organic compounds.  During ischemia, XDH is converted to XOD with a concurrent accumulation of 

its substrates, xanthine.  On reperfusion, XOD reacts with xanthine and oxygen to generate O2
.-.  A key 

antioxidant, the enzyme SOD catalyzes O2
.- to oxygen and H2O2 [109], which is then degraded by catalase 

and glutathione peroxidase to water.  However, H2O2 can also evolve if it escapes catalase and peroxidases 

and is a potent oxidant.  

 

 

5.4.7.3 Peroxynitrite production 

 

O2
.- can also combine with NO to produce ONOO.-, a potent oxidant.  ONOO.- can subtly modulate cell 

signaling, exert significant inhibition to most components of the ETS and trigger cell death (Section 

2.8.1).  ONOO.- has been shown to irreversibly inhibit most components of the ETS leading to impaired 
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OXPHOS.  ONOO.- also inactivates nicotinamide nucleotide transhydrogenase, which catalyzes formation 

of NAD(P)H, and the subsequent depletion of NAD(P)H decreases the mitochondrial ability to regenerate 

GSH, an antioxidant.  Another antioxidant MnSOD is inactivated by ONOO.-, further fueling oxidative 

damage within the mitochondria and surrounding cellular structures.  

 

 

5.4.7.4 Lipid peroxidation and protein carbonylation 

 

Another example of oxidative damage is LPO which results from damage to lipids by ROS, and impacts 

cell membranes and generates reactive aldehydes such as MDA and HNE proteins (Section 2.8.1).  Both 

of these compounds promote further cellular damage.  LPO is commonly determined by measurement of 

MDA utilizing thiobarbituric acid reactive substances (TBARS), which reacts with MDA to yield a 

fluorescent product [313].  While this is a convenient assay, the TBARS assay is non-specific as a marker 

of LPO.  Therefore, the TBARS assay should be considered as a general marker for oxidative stress 

instead [119, 313].  Similar to how ROS can react with lipids, ROS can also react with proteins resulting 

in formation of carbonyl derivatives (Section 2.8.1).  Carbonyl group formation alters protein function and 

subsequently decreases enzymatic activity, and makes them more susceptible to proteolytic digestion.  

Protein carbonyl (PC) content measurement is commonly used to estimate protein oxidation.  The 

imbalance between the concentrations of ROS and the antioxidant defense mechanism of cells, tissue or 

the body, is commonly termed oxidative stress. 

 

 

5.4.7.5 Glutamate dehydrogenase and superoxide 

 

To assess mitochondrial damage and extent of oxidative stress in livers post-IRI, measurements have been 

taken of mitochondrial enzymes, LPO and ROS as markers of mitochondrial damage.  Glutamate 

dehydrogenase (GLDH) is a mitochondrial enzyme and increases in GLDH release were used to reflect 

leakage from damaged or necrotic hepatocytes [213].  Eleven studies reported on GLDH and in all cases, 

steatotic livers showed a significant increase in GLDH levels in the perfusate post-IRI indicating increased 

mitochondrial damage in steatotic livers [134, 207, 213, 297, 303-309].  

 

Six studies measured levels of O2
.- and steatotic livers were shown consistently to have increased levels of 

O2
.- pre- [205] and post-IRI [218, 298, 300, 301, 307].  Interestingly, Nardo and colleagues [298] detected 
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no O2
.- during ischemia but immediately after reperfusion, O2

.- was detected around the hepatic hilum.  O2
.- 

production then occurred across the liver within minutes and peaked within 15 minutes.  While there was 

no difference in spatial or temporal patterns of O2
.- emission, steatotic livers showed greater O2

.- emission.  

The combination of findings suggests that steatotic livers have greater O2
.- generation capacities at baseline 

and post-IRI, and that there is a progressive wave of O2
.- production across livers in general.  Consistent 

with this, H2O2 was measured in 2 studies and both studies showed increased H2O2 levels in steatotic livers 

post-IRI [276, 283].  Similar to these findings, 2 studies also showed increased ONOO.- levels in steatotic 

livers post-transplantation [290, 293], further confirming increased ROS levels in steatotic livers. 

 

 

5.4.7.6 Xanthine dehydrogenase/xanthine oxidase system 

 

The ROS-generating system of XDH and XOD were measured in 2 studies.  Pre-ischemia, there was no 

difference between steatotic and lean liver XDH/XOD activities.  However, following ischemia, steatotic 

livers increased xanthine and XOD, indicating that steatotic livers are predisposed to generate more ROS 

than lean livers [291, 293].  Following IRI, XOD levels in steatotic livers were approximately 90% of the 

total XDH/XOD activity [293].  Intravenous allopurinol (XOD inhibitor) delivery into steatotic livers post-

reperfusion decreased liver injury and LPO levels following transplantation.  The results from these 2 

studies showed that in steatotic livers, the conversion of XDH to XOD was greater following IRI, and 

resulted in higher levels of ROS on reperfusion, and that XOD is a major source of ROS in steatotic livers.  

Currently, XOD/XDH have only been measured post-transplantation and there has yet to be a study to 

measure the role of XOD/XDH in steatotic livers subjected to warm IRI.  The importance of the XOD/XDH 

system as a major contributor of ROS in hepatic IRI is debatable [314], as some suggest the short ischemic 

time of most liver resections precludes XDH conversion to XOD, and therefore this system may not provide 

a major source of ROS.  However, prolonged cold ischemia in transplantation probably provides sufficient 

ischemic time for conversion of XDH to XOD [314].  Moreover, the impaired microcirculation of steatotic 

livers may impair the flushing, and/or metabolism of xanthine/hypoxanthine on reperfusion.  While the role 

of XOD/XDH-mediated ROS may not be significant for normal liver resections, the XOD/XDH system 

may still contribute significant ROS in prolonged cold storage and for resections and transplant of steatotic 

liver.  
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5.4.7.7 Lipid peroxidation 

 

Twenty-seven studies utilizing the TBARS assay showed increased levels of MDA in steatotic livers post-

IRI [185, 186, 197, 198, 207, 218, 268-270, 272, 276, 282, 284, 288, 290, 291, 293, 297, 298, 301, 303-305, 

307-310] while Nakano et al [102] reported similar levels of perfusate MDA to that seen from lean livers.  

Serviddio et al. [283] also reported a significant increase in mitochondrial HNE protein adducts post-IRI in 

steatotic livers.  These findings suggest increased oxidative stress and LPO in steatotic livers post-IRI.  The 

increased LPO levels in steatotic livers may be facilitated by the greater abundance of lipids in the steatotic 

livers, as effectively there is more substrate for the initiation and amplification of free radical generation.  It 

has been suggested that LPO levels may not directly relate to levels of cellular injury in IRI [314].  One 

study reported that ALT levels increased following 60 minutes warm ischemia (1-24 hours reperfusion) but 

LPO did not increase to the same degree as that in constantly perfused livers exposed to a pro-oxidant (tert-

butylhydroperoxide), which did not release as much ALT as livers subjected to IRI [314].  However, this 

study did not make appropriate comparisons, as the pro-oxidant most likely produced artificially high LPO 

levels while in the presence of oxygen, and there was no direct comparison of the effects of the pro-oxidant 

in conjunction with IRI (i.e. without oxygen).  Further studies into the significance of LPO in steatotic liver 

will be critical in underlining the relationship between LPO and cellular injury in steatotic liver. 

 

 

5.4.7.8 Protein carbonyl 

 

Three studies measured PC levels in rodent steatotic livers and demonstrated increased levels of PC post-

IRI [185, 186, 288].  Caraceni and colleagues found no difference in levels of hepatic PC but a significant 

increase in levels of hepatic mitochondrial PC [186] which was in keeping with the findings of Nardo et al 

[288] discussed above (Section 5.3.7.5). 

 

Overall, steatotic livers have increased levels of ROS and mitochondrial damage post-IRI compared to lean 

livers.  Steatotic livers have increased basal levels of O2
.- and a predisposition to generate increased levels 

of ROS when subjected to IRI.  This leads to greater oxidative stress and damage to surrounding cellular 

structures. 
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5.4.8 Steatotic livers have decreased antioxidant capacity following ischemia-reperfusion injury 

(Table 23) 

 

Seventeen of the 63 studies measured antioxidant capacity in steatotic livers.  

  

 

5.4.8.1 Gluthatione system 

 

GSH is an intracellular antioxidant, which reacts with ROS and is oxidized to GSSG [113].  The 

measurement of GSH and GSSG provides a surrogate marker for the oxidative stress that the cells or organ 

is subjected to.  Sixteen studies reported GSH levels in steatotic livers post-IRI and found lower GSH levels 

in steatotic livers in 14/16 studies [102, 185, 186, 218, 268, 270, 274, 275, 280, 286, 288, 293, 298, 300] 

whereas the remaining 2 studies indicated similar GSH levels [291, 295].  Three studies reported GSSG 

levels with one reporting increased levels of GSSG post-IRI [186].  The remaining 2 studies reported lower 

levels of GSSG in both hepatic tissue and perfusate of steatotic livers [102, 274].  The levels of GSH in 

steatotic livers in these studies were all significantly lower. 

 

 

5.4.8.2 Superoxide dismutase 

 

Three studies measured the levels of another key antioxidant, SOD.  In one study SOD activities were 

decreased in steatotic livers post-IRI [293], yet did not differ between the groups in the other two studies 

[270, 291].  There were no reports of SOD levels pre-IRI in either group. 

 

 

5.4.8.3 Trolox 

 

Trolox equivalent antioxidant capacity is a measurement of antioxidant strength based on Trolox (water-

soluble vitamin E analogue), which serves as a standard or control antioxidant.  Steatotic livers were shown 

to have significantly lower total antioxidant levels post-IRI as measured in Trolox [187].  These data suggest 

that defenses against O2
.- decrease to a greater extent in steatotic livers post-IRI and are consistent with 

increased hepatocellular oxidative stress.   
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Overall steatotic livers have decreased levels of antioxidants following IRI.  However, baseline levels of 

antioxidants were not measured between steatotic and lean livers but have been previously reported to be 

similar [315].  These results suggest that steatotic livers have a predisposition for increased ROS production 

rather than lacking antioxidants.  It is likely that the insult of IRI shifts the balance between ROS and 

antioxidants in steatotic livers leading to greater cellular susceptibility to damage, particularly to the 

mitochondria. 
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Table 23 Summary of oxidative stress, antioxidants and mitochondrial damage in steatotic livers 

following ischemia-reperfusion injury 

GLDH, Glutamate dehydrogenase; GSH, Reduced gluthatione; GSSG, Gluthatione disulfide; MDA, Malondialdehyde; PC, 

Protein carbonyl; SOD, Superoxide dismutase; TAC, Total antioxidant capacity; TBARS, Thiobarbituric acid reactive substances; 

XOD, Xanthine oxidase 

 

 

  

Parameters measured Findings post-ischemia reperfusion injury Reference 

GLDH ↑ [134, 207, 213, 297, 303-309] 

Superoxide (O2
.-) ↑ [205, 218, 298, 300, 301, 307] 

Peroxide ↑ [276, 283] 

Peroxynitrite (ONOO.-) ↑ [290, 293] 

XOD 
↑ (During ischemia) [291, 293] 

↑ (During reperfusion) [293] 

Lipid peroxidation 

(TBARS or MDA) 

↑ 

[185, 186, 197, 198, 207, 218, 268-

270, 272, 276, 282-284, 288, 290, 

291, 293, 297, 298, 301, 303-305, 

307-310] 

No difference [102] 

PC ↑ [185, 186, 288] 

GSH 
↓ 

[102, 185, 186, 218, 268, 270, 274, 

275, 280, 286, 288, 293, 298, 300] 

No difference [291, 295] 

GSSG 
↓ [102, 274] 

↑ [186] 

SOD 
↓ [293] 

No difference [270, 291] 

TAC 

(Measured in Trolox) 
↓ [187] 
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5.4.9 Structural analysis (Table 24) 

 

 

5.4.9.1 Electron microscopy 

 

Three of the 63 studies used electron microscopy (EM) to investigate mitochondrial damage post-IRI.  

Steatotic livers were shown to have increased mitochondrial swelling, decreased electro-density of matrices 

with less visible cristae, while control livers have better preserved mitochondrial structure [213, 284, 289, 

297, 303, 310].   

 

 

5.4.9.2 Intravital microscopy 

 

Using intravital fluorescence microscopy, Sun et al [96] measured sinusoidal diameter and the hepatic cord 

width post-IRI.  While they reported no significant difference in sinusoidal diameter in steatotic livers, they 

did however note decreased functional sinusoidal diameter in steatotic livers, which can indicate that 

steatotic livers are predisposed to necrosis post-IRI.   

 

The structural analyses findings are consistent with decreased ATP synthesis due to mitochondrial damage 

as seen by EM and likely caused by increased oxidative stress, which is consistent with the discussions 

above (Section 5.3.7 and 5.3.8). 

 

 

 

 

 

Table 24 Structural analysis findings from steatotic livers following ischemia-reperfusion injury 

EM, Electron microscopy 

Parameters 
Findings post-ischemia reperfusion 

injury 
Reference 

EM ↑Mitochondrial swelling and damage 
[213, 284, 289, 297, 303, 

310] 

Intravital fluorescence 

microscopy 
↓Functional sinusoidal diameter [96] 
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5.4.10 Steatotic livers have decreased mediators of apoptosis (Table 25) 

 

There are 2 distinct types of cell injury – necrosis and apoptosis (Section 2.8.4).  Necrosis occurs as a 

consequence of lethal external insult to the cell, or metabolic failure, whereas in apoptosis, the cell 

actively participates in its death.   

 

 

5.4.10.1 Caspases 

 

Apoptosis proceeds with the activation of specific cysteine-dependent aspartate-directed proteases, caspases, 

which are mediated through events extrinsic and intrinsic to the mitochondria.  The mitochondrial mediated 

route is activated through the release of Cyt-C.  The extrinsic route still harnesses mitochondria, as caspase 

8 triggers mitochondria to release Cyt-C which then activates caspase 3 and 9 to subsequently trigger cell 

death [145].  Prolonged endoplasmic reticulum stress has also been shown to activate caspase 12, which 

drives apoptosis [145, 146]. 

 

Only one study reported caspase 8 activity and showed lower caspase 8 activity in steatotic livers post-IRI 

[103].  Six of the 63 studies reported caspase 3 activity with 4/6 studies indicated that steatotic livers have 

lower caspase 3 activity post-IRI [103, 279, 284, 302] whereas Vairetti et al [300] showed elevated caspase 

3 activities in steatotic livers.  However, the increased caspase 3 activity also coincided with signs of 

necrosis, increased cellular injury and ROS production [300].  Decreased caspase 9 and 12 activities were 

reported in 2/63 studies [284, 302].  Cytochrome c release was also shown to be decreased in steatotic livers 

post-IRI in 2/63 studies [103, 284].   

 

 

5.4.10.2 Insulin-like growth factor 

 

Another signal of apoptosis is insulin-like growth factor (IGF)-1 which is a hormone produced primarily by 

the liver and mediates multiple cellular functions including suppressing apoptosis [316].  While no 

difference in the levels of IGF-1 or IGF binding protein (IGFBP) complex was apparent in baseline serum 

and liver tissues of both groups, IGF-1 and IGFBP complex decreased more in steatotic livers than lean 

livers post-IRI [271].  However, others have reported no difference in IGF-1 levels of lean and steatotic 
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animal post-IRI in an IPM [302].  These data suggests that IRI impacts IGF-1 signaling in an in vivo model, 

and therefore may only interact with apoptotic pathways in vivo. 

 

Despite the small number of studies reporting on mediators of apoptosis, the available results indicate that 

steatotic livers have decreased signals for apoptosis and lead to increased proportion of cells that undergo 

necrosis (Table 25).  This is consistent with the notion that increased ROS production leads to necrosis, 

which is the main type of cell death following IRI [314].  Necrosis is commonly assessed by histology and 

steatotic livers demonstrated increased necrosis on histology following IRI [279, 290].  This further 

validates findings that steatotic livers have decreased ATP levels post-IRI compared to lean livers. 

 

 

 

 

 

 

 

 

 

Table 25 Mediators of apoptosis in steatotic livers following ischemia-reperfusion injury 

Cyt-C, Cytochrome C; IGF, Insulin-like growth factor; IGFBP, Insulin-like growth factor binding protein

Parameters measured Findings post-ischemia reperfusion injury Reference 

Caspase 3 
↑ [207, 300] 

↓ [103, 279, 284, 302] 

Caspase 8 ↓ [103] 

Caspase 9 ↓ [284, 302] 

Caspase 12 ↓ [284, 302] 

Cyt-C release ↓ [103, 284] 

IGF-1, IGF-1:IGFBP ratio 
↓ 

No difference 

[271] 

[302] 



153 

 

5.4.11 Proteins/molecules related to stress/hypoxia/metabolism (Table 26) 

 

There are many proteins affecting bioenergetics but their role in the susceptibility of steatotic livers has yet 

to be well defined.   

 

 

5.4.11.1 Steatotic livers have increased uncoupling protein-2 but not hypoxia-inducible factor-1α while 

warm ischemia-reperfusion injury up-regulates heme-oxygenase 1 

 

An example of a protein that may affect bioenergetic is UCP-2, which occurs in the mitochondrial inner 

membrane and mediates proton leak across the inner membrane by uncoupling substrate oxidation from 

synthesis of ATP, with the energy dissipated as heat (Section 2.8.2).  Initially, UCP-2 was contended to 

function in thermogenesis, but more recently it has been suggested to lower ROS formation within 

mitochondria by dissipation of the membrane potential.  Nine of the 63 studies measured UCP-2 expression 

and in all studies, hepatic UCP-2 expression (mRNA and protein) were significantly greater in steatotic 

livers at baseline and at the end of reperfusion [132, 134, 280, 281, 285-287, 289, 294].   

 

Another protein involved in cellular response to hypoxia is hypoxia-inducible factor (HIF)-1α, which 

mediates genes mediating glycolysis, glucose metabolism, and oxidative damage resistance.  HIF-1α is 

stabilized under hypoxic conditions as its α–subunit is degraded in the presence of oxygen [317].  HIF-1α 

induces heme-oxygenase (HO)-1 which protects against oxidative damage by degrading heme into iron, 

carbon monoxide and biliverdin, both of which may have antioxidant effects [318, 319].  The reactive iron 

released follows detoxification pathways and also stimulates the synthesis of ferritin, promoting a secondary 

cellular desensitization to oxidative stress [318].  Only one study reported HIF-1α levels with no difference 

between the groups of liver post-IRI [306].  Eight of the 63 studies reported HO-1 levels in steatotic livers.  

Four studies reported a greater increase in HO-1 levels in steatotic livers post-warm IRI [268, 269, 275, 278] 

whereas in cold PRI, 2 studies showed similar increase in HO-1 levels in both types of liver [301, 306] and 

another two studies showed decreased HO-1 protein levels in steatotic livers [296, 308].   

 

Steatotic livers appear to have increased levels of UCP-2 and similar levels of HIF-1α whereas HO-1 was 

increased following warm IRI but the opposite effect occurred in cold PRI.  The increased levels of UCP-2 

may act as a compensatory mechanism to decrease ROS generation from mitochondria and account for the 

increased proton leak in steatotic livers while HIF-1 α and HO-1 are still to be proven as key proteins in IRI.  
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Both HIF-1α and HO-1 may be important mediators against oxidants but there is insufficient or inconclusive 

evidence to determine their true role in the setting of hepatic steatosis and IRI.  However, it appears that 

there is a greater increase of HO-1 level in steatotic livers following warm IRI, perhaps as a counter response 

to oxidative stress, and occurs in lean livers as well but in the setting of cold PRI, the opposite occurs and 

HO-1 appears to be down-regulated.  Further studies will need to be carried out to investigate the role of 

warm and cold PRI on the regulation of HO-1. 

 

 

5.4.11.2 Role of nitric oxide in steatotic livers 

 

While NO can react with O2
.- to form ONOO.-, NO has other physiological roles.  NO can provide a 

protective and regulatory role in mitochondrial injury and energy metabolism [320], and NO has been shown 

to decrease MPT and Cyt-C release in cultured hepatocytes [321].  NO also prevents mitochondrial 

permeabilization following GSH depletion suggesting that in the face of oxidative stress, it can protect rather 

than damage cells [322].  Studies have also shown the vasodilatory effect of NO on hepatic microcirculation 

[323, 324].  However, the balance between harm and benefit of NO depends on the site of generation, 

amount and transience of NO [325].   

 

Ten of the 63 studies measured the levels of NO in the form of nitrates/nitrites.  Five studies reported similar 

increases in nitrates/nitrites in both steatotic and lean livers post-IRI [301, 306-309] while the remaining 5 

studies reported a greater increase in levels of nitrates/nitrites in steatotic livers post-IRI [198, 293, 299, 

300, 304].  While the role of NO in the susceptibility of steatotic livers is still controversial, when a NO-

inhibitor (L-NAME) was added to the preservation solution or given to the donor animal prior to surgery, 

hepatic function decreased more in steatotic livers post-IRI than in lean livers [293, 306, 308, 309].   

 

The mechanism of NO in IRI is still debatable, but current evidence indicates that steatotic livers may have 

a greater requirement for NO post-IRI.  The studies indicate that NO has some beneficial effect on steatotic 

livers following IRI and that steatotic livers appear to up-regulate nitrates/nitrites more than lean livers.  

This may confer protection against oxidative stress and improve hepatic microcirculation.  However, 

sustained high levels of NO will lead to formation of ONOO.- and the regulatory mechanism of NO 

generation in steatotic livers could be impaired which would lead to the increased levels of ONOO.- seen 

(Section 5.3.7.5). 
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5.4.11.3 Steatotic livers have decreased ability to preserve ATP levels via adenosine monophosphate 

 

Cellular depletion of ATP leads to accumulation of adenosine monophosphate which is responsible for the 

stimulation of adenosine monophosphate-activated protein kinase (AMPK).  AMPK, a master metabolic 

regulator, aims at conserving ATP levels by decreasing ATP degradation as well as inducing ATP-

generating systems [21].  Three of the 63 studies reported on AMPK levels in steatotic livers.  One study 

showed baseline AMPK levels were similar between steatotic and lean livers [290].  One study reported 

similar increase in the levels of AMPK in both groups of livers post-IRI [307] whereas another study showed 

a lesser increase in levels of AMPK in steatotic livers [308].   

 

The results appear to indicate that there is an increase in AMPK levels post-IRI in both types of liver in an 

attempt to compensate for the decreased levels of ATP during ischemia.  Further exploring the decreased 

ATP levels in steatotic liver following IRI, AMPK activation may represent attempts to protect hepatocyte 

bioenergetics, but this may also hold true for control livers.  However, steatotic livers appear to be less able 

to stimulate AMPK-mediated pathways and result in decreased capacities to preserve and recover ATP 

levels post-IRI but the findings were all reported in cold PRI.  Further studies will need to examine the role 

of AMPK in steatotic livers subjected to warm IRI. 

 

 

5.4.11.4 Potential up-regulation of mitogen-activated protein kinase in steatotic livers 

 

Mitogen-activated protein kinase (MAPK) is a group of serine/threonin-specific protein kinases that 

responds to extracellular stimuli and regulates various cellular activities such as cell survival and apoptosis 

[326].  The MAPK family includes p38 MAPKs and c-Jun-N terminal kinases (JNKs, also known as stress-

activated protein kinases) and MAPKs are activated by cytokines in response to cellular stress.  Activation 

of p38 MAPKs can prevent ROS formation making it an important mediator in the inflammatory response 

[327].  Sustained activation of JNK in response to stress, such as ischemia, has been shown to induce 

apoptosis and is also considered to have anti-inflammatory properties [328].  Five of the 63 studies measured 

MAPK in steatotic livers subjected to IRI.   

All five studies measured levels of p38 and two studies reported similar increase in levels of p38 post-IRI, 

likely in response to increased ROS generation [271, 278].  The other 3 studies showed an increase in p38 

levels in steatotic livers post-IRI [276, 304] but only 1/3 studies included a control group of lean livers [284].  
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Three of the 5 studies reported levels of JNK in steatotic livers but the results were inconsistent.  One study 

showed no difference in levels of JNK between both types of livers post-IRI [278].  In another study by the 

same group, the authors described increased JNK levels in steatotic livers post-IRI but there were no control 

livers assayed [276] while another study observed a lower increase of JNK levels post-IRI in steatotic livers 

[284].  

 

Despite the role of MAPKs in inflammation and cell survival, MAPK have not been shown to play a major 

role in the bioenergetics of steatotic livers in IRI.  The studies indicate that steatotic livers appear to mount 

a similar response to IRI as lean livers with induction of MAPK and up-regulation of p38 and JNK.  

However, the results were inconsistent and lack comparison to lean livers.  The majority (4/5) of the studies 

was carried out in warm IRI and further studies are warranted to examine the levels of MAPK in steatotic 

livers subjected to cold PRI. 

 

 

5.4.11.5 Tissue necrosis factor-α expression is increased in steatotic livers along with decreased peroxisome 

proliferator-activated receptor-α and increased peroxisome proliferator-activated receptor-γ  

 

PPAR are a group of nuclear receptor proteins with an essential role in the regulation of carbohydrate, lipid 

and protein metabolism (Section 2.3.1).  Two of the three subtypes have been studied in IRI: PPAR-α and 

PPAR-γ.  PPAR-α plays an important role in fatty acid beta-oxidation and appears to be a regulator of 

microsomal, peroxisomal and mitochondrial energy metabolism [58].  Mice deficient in PPAR-α appear to 

exhibit severe hepatic steatosis likely due to severe fatty acid overload in the liver.  PPAR-γ also plays an 

important role in lipid metabolism and has been shown to increase UCP-2 expression while depressing the 

expression of leptin and TNF-α [329].  TNF-α is a pro-inflammatory cytokine involved in many 

pathophysiological states [330].  TNF-α has been demonstrated to depress MF in vitro [331], compromise 

hepatic energy status (measured indirectly as ketone body ratio in arterial blood) in IRI [332] and activate 

p38 MAPK and JNK [327].   

 

Four of the 63 studies measured levels of PPAR and 13/63 studies reported levels of TNF-α.  Only one 

study reported PPAR-α in steatotic livers and showed lower levels post-IRI [276].  Three of the 4 studies 

reported levels of PPAR-γ with 2/3 studies reporting a greater increase in PPAR-γ levels in steatotic livers 

post-IRI [271, 292].  The remaining study showed similar PPAR-γ levels between the groups of livers post-

IRI [302].  In 10/13 studies, steatotic livers were shown to have increased basal levels of hepatic and serum 
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TNF-α [277], greater increase post-IRI in hepatic tissue [187, 198, 284, 289, 294, 301, 304] and 

serum/perfusate [287, 300].  This suggests a role for TNF-α in mediating IRI and potentially affecting MF.  

However, Fernandez et al reported similar increases in serum TNF-α levels in both types of liver post-IRI 

[291] while 2 other studies reported no significant increase in levels of TNF-α in steatotic livers post-IRI 

[270, 276]. 

 

Collectively, PPAR-α and PPAR-γ may be contributing to impaired bioenergetics in steatotic livers by 

decreasing fatty acid β-oxidation and increasing UCP-2 levels with subsequent decreased ATP production.  

This will delay recovery from IRI and lead to further cellular damage.  However, steatotic livers potentially 

up-regulate PPAR-γ to counteract TNF-α mediated inflammation.  Studies of TNF-α in vitro and in control 

livers have been shown to affect MF previously but this has now been shown to be playing a role in steatotic 

livers in vivo [187, 198, 284, 287, 289, 294, 300, 301, 304].   

 

These results suggest impaired bioenergetics in steatotic livers post-IRI may be mediated by PPAR-α, 

PPAR-γ and TNF-α.  However, the number of studies that reported on both types of PPAR in IRI was small 

and additional studies are required to confirm the findings of these studies. 
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Table 26 Summary of findings of proteins & molecules related to stress/hypoxia/metabolism in 

steatotic livers following ischemia-reperfusion injury 

AMPK, Adenosine monophosphate-activated protein kinase; HIF-1, Hypoxia-inducible factor 1; HO-1, Heme-oxygenase 1; IRI, 

Ischemia-reperfusion injury; JNK, Jun-N-Terminal kinase; NOx, Nitrates/nitrites; PPAR, Peroxisome proliferator-activated 

receptors; PRI, Preservation-reperfusion injury; TNF-α, Tissue necrosis factor-α; UCP-2, Uncoupling protein-2 

 

 

  

Parameters 

measured 
Findings post-ischemia reperfusion 

injury 
Reference 

UCP-2 ↑ [132, 134, 280, 281, 285-287, 289, 294] 

HIF-1α No difference [306] 

HO-1 

↑Post-warm IRI [268, 269, 275, 278] 

No difference post-cold PRI [301, 306] 

↓Post-cold PRI [296, 308] 

NOx 
↑ [198, 293, 299, 300, 304] 

No difference [301, 306-309] 

AMPK 
No difference at baseline/post-IRI [290, 307] 

↓ [308] 

p38 
↑ [276, 284, 304] 

No difference [271, 278] 

JNK 

↑ [276] 

No difference 

↓ 

[278] 

[284] 

PPAR-α ↓ [276] 

PPAR-γ 
↑ 

No difference 

[271, 292] 

[302] 

TNF-α 

↑Baseline levels [277] 

↑Post-IRI 
[187, 198, 284, 287, 289, 294, 300, 301, 

304] 

No difference post-IRI [270, 276, 291] 
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5.5 Summary 

 

The evidence from this systematic review indicates that animals with >30% hepatic steatosis have poor 

outcome following IRI.  With the increasing prevalence of steatotic livers, improving our understanding of 

the underlying mechanism of steatotic liver susceptibility to IRI is critical.  Despite variations in 

experimental IRI models and histological descriptions, the current literature highlighted the role of MD in 

the decreased tolerance and heightened IRI seen in steatotic livers.  However, fundamental knowledge of 

the underlying mitochondrial abnormalities in steatotic livers following IRI has yet to be fully explored.  

Future studies into the role of bioenergetics in the capacities of steatotic livers to withstand IRI will be 

needed to further determine this relationship.   
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Chapter 6   

Impact of ischemic preconditioning on experimental steatotic livers following hepatic 

ischemia-reperfusion injury: a systematic review 

 

 

6.1 Introduction 

 

In Section 2.6, the phenomenon of IRI was described whereby prolonged ischemia and subsequent re-

oxygenation leads to a pathophysiological injury process.  This occurs in liver resection when the Pringle 

manoeuvre is used to decrease blood loss intra-operatively leading to warm IRI; conversely, in OLT the 

liver is subjected to cold-rewarming IRI when the donor liver is reperfused in the recipient (Section 2.6).  

IRI is associated with numerous downstream sequelae and may result in liver failure.  In Chapter 3 and 4, 

the interaction between IRI and steatotic liver was described, and steatotic livers has increased rates of 

graft failure in recipients of grafts with moderate-to-severe (>30%) hepatic steatosis.    

 

As outlined in Section 2.11, one technique developed to ameliorate the detrimental effect of IRI is IPC.  

IPC involves a brief initial ischemia followed by reperfusion (preconditioning) prior to the period of 

prolonged ischemia.  The effect of IPC on the liver has been described in the experimental [19] and 

clinical setting [333, 334].  The impact of IPC in steatotic livers is less well described, especially in the 

setting of OLT.  Efficacy of IPC in steatotic livers subjected to IRI was first published in 2000 [20], and 

has subsequently become an integral strategy in attenuating IRI in experimental steatotic livers [104, 270].  

There is limited research to support the role of IPC clinically [335], and indeed recent Cochrane reviews 

concluded that there is no evidence to support or refute the use of IPC in liver resection or transplantation 

and that further studies are necessary [336, 337]. 

 

Despite continued interest in the potential benefits of IPC, there has been no comprehensive overview of 

evidence evaluating its impact on outcomes following IRI in experimental models of hepatic steatosis.  

Defining this relationship is of critical importance in the formation of a framework for further clinical 

development of IPC.  The aim of this study was to therefore systematically review the literature and 

provide a succinct description of the impact of IPC on outcomes in experimental studies of hepatic 

steatosis subjected to IRI. 
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6.2 Methods 

 

6.2.1 Identification of papers 

 

A systematic electronic search was conducted through the OVID Medline and EMBASE databases from 

inception to September 2012 according to Systematic Review Centre for Laboratory animal 

Experimentation (SYRCLE) recommendations [338, 339].  A combination of keyword searches (.mp) and 

MeSH terms (/) were used as follows:  (ischaemic preconditioning.mp OR ischemic preconditioning.mp 

OR Ischemic preconditioning/) AND (liver.mp OR hepatic.mp OR Liver/ OR steatosis.mp OR exp Fatty 

liver/).  The identified articles were limited to the English language.  There were no database-stipulated 

limits to ‘animal’ experimentation as recommended by SYRCLE guidelines [338].  This ensured 

publications describing work in both human and animal models would not be overlooked. 

 

 

6.2.2 Selection criteria 

 

Inclusion criteria were studies investigating the use of IPC in hepatic IRI in any animal model.  Studies 

were excluded if they (i) were not original research (systematic review, narrative review, commentary or 

editorial), (ii) included subjects with NASH rather than simple steatosis; NASH was defined as steatosis 

with hepatocellular injury and inflammation without fibrosis [1] (iii) did not report clinically relevant 

outcomes (graft or recipient survival, histological findings or LFT).  

 

 

6.2.3 Data analysis 

 

Two reviewers executed searches, using titles and abstracts to manually screen through identified articles.  

Eligibility was determined using a standardized pro forma, with subsequent data extraction to a standardized 

pro forma.  Discrepancies were adjudicated independently by one of the supervisors.  Duplicates and 

publications with overlapping study populations were excluded (the text with the largest number of subjects 

was included).   

 

Information obtained included type of animal model, severity and type of steatosis, duration of IPC, 

duration and type of hepatic IRI (partial/total, warm/cold) and outcome (recipient survival, histology or 
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LFT).  Basic descriptive statistics were used to summarise data for this systematic review.  Tabulated 

depictions of information were used where appropriate to facilitate ease of interpretation.  For studies with 

incomplete study details or outcome measures, the corresponding author was contacted via e-mail for 

additional data.  If data was presented graphically, the authors were contacted for numerical values and if 

these were not available, data were measured using digital image analysis software (ImageJ; 

http://imagej.nih.gov/ij/).  Results are shown as mean ± standard error of mean (SEM).   

 

We assessed the methodological quality of the included studies based on a 15-point rating system 

described by Wever et al [340].  This was tabulated separately for warm ischemia-reperfusion and cold 

PRI.  If there was no discrepancy between the number of animals described in the methods section and the 

number stated in the figure legends or results sections, we assumed that there were no animals excluded 

from analysis.  The potential for publication bias was assessed by looking for asymmetry in funnel plots 

for the different outcome measures. 

 

 

6.3 Results 

 

6.3.1 Selected papers 

 

A total of 503 and 590 articles were identified in the Medline and EMBASE databases, respectively.  

After the exclusion of duplicates, 1043 abstracts were screened and 18 full-texts were acquired for further 

evaluation.  No additional studies were identified from manual searching of reference lists.  All eighteen 

studies met the inclusion criteria (Figure 7), and were included in the analysis.  Among the 18 studies, 13 

examined the impact of IPC in warm IRI [22, 104, 199, 201, 268, 270, 276, 278, 279, 341-344] (Table 27) 

and the remaining 5 studies investigated the impact of IPC in cold IRI [290-293, 345] (Table 28).  All 18 

studies carried out the experiments using male rodents.  There were no delay/interval between the IPC 

stimulus and the IRI episode in all 18 studies.   
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Figure 7 QUORUM Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n, number of papers 

1IPC, ischemic preconditioning 

2NASH, non-alcoholic steatohepatitis

Potentially relevant abstracts identified 

n = 1093 Abstracts excluded (n = 1075) 

- Did not report IPC1 in  

steatotic livers   = 599 

- Not original research articles = 336 

- Clinical studies   = 86 

- Duplicates    = 51 

- Investigating NASH2  = 3 

 

Manuscripts retrieved for detailed evaluation 

n = 18 

Manuscripts identified from searching 

reference lists 

n = 0 

Potentially appropriate manuscripts       

n = 18 

Manuscripts excluded in systematic review     

n = 0 

Manuscripts meeting the inclusion criteria 

n = 18 
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Table 27 Study details of experimental models of warm ischemia-reperfusion injury and hepatic steatosis with ischemic 

preconditioning 

Author 
Animal 

(Strain/Gender) 

Steatosis model 

(Starting age or 

weight) 

Induction 

Anaesthesia 

(Maintenance) 
% steatosis 

Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia 

(mins) 

Duration of 

reperfusion 
Outcome 

measures 

Steenks et 

al [343] 

Rat  

(Zucker/Male) 

Genetic 

(11-45 weeks) 
Isofluorane < 30 MaS 10 + 10a 45 60 mins 

ALT, AST, 

Histo 

Saidi et al 

[344] 

Rat 

(Zucker/Male) 

Genetic 

n.s 
Isofluorane 30-60 MaS 10 + 15b 75 180 mins AST. Histo 

Koti et al 

[199] 

Rat  

(Sprague-

Dawley/Male) 

HCD 

(250-300g) 
Isofluorane 30-60 MaS 5 + 10c 45 120 mins ALT, AST 

Hafez et al 

[201] 

Rabbit 

(NZ White/Male) 

HCD 

(3-3.5 kg) 

Fentanyl and  

fluanisone 

(Isofluorane) 
40-60 MaS 5 + 10c 60 420 mins ALT, AST 

Tacchini et 

al [268] 

Rat 

(Zucker/Male) 

Genetic 

(16-18 weeks) 

Ketamine and 

Xylazine 
60-70 MaS 5 + 10c 60 

360 mins or 

24 hours 
ALT, Histo 

Serafin et 

al [341] 

Rat 

(Zucker/Male) 

Genetic 

(16-18 weeks) 

Ketamine and 

Xylazine 
60-70 Mixed 5 + 10c 60 360 mins 

ALT, Histo, 

Survival 

Casillas-

Ramirez et 

al [342] 

Rat 

(Zucker/Male) 

Genetic 

(16-18 weeks) 

Ketamine and 

Xylazine 
60-70 Mixed 5 + 10c 60 24 hour ALT, Histo 

Massip-

Salcedo et 

al [276] 

Rat 

(Zucker/Male) 

Genetic 

(16-18 weeks) 

Ketamine and 

Xylazine 
60-70 Mixed 5 + 10c 60 24 hour ALT, Histo 

Massip-

Salcedo et 

al [278] 

Rat 

(Zucker/Male) 

Genetic 

(16-18 weeks) 

Ketamine and 

Xylazine 
60-70 Mixed 5 + 10c 60 

30 mins, 

360 mins or 

24 hours 
ALT, Histo 

Serafin et 

al [270] 

Rat 

(Zucker/Male) 

Genetic 

(16-18 weeks) 

Ketamine and 

Xylazine 
60-70 Mixed 

10 + 15b 

10 + 10a 

5 + 10c 

60 
2, 6 or 24 

hours 
ALT, Histo, 

Survival 
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Rolo et al 

[22] 

Rat 

(Wistar/Male) 

CDD 

(5 weeks, 150g) 

Ketamine and 

Chlorpromazine 
70 MiS 5 + 10c 90 720 mins ALT, AST 

Selzner et 

al [279] 

Mouse 

(C57/BL6/Male) 

CDD 

(6 weeks) 
Isofluorane 70 MiS 10 + 10a 75 

240 mins or 

24 hours 
AST, Histo 

Selzner et 

al [104] 

Mouse 

(Ob/ob and 

C57/BL6/Male) 

Genetic or CDD 

(6 weeks) 
Isofluorane 

58 (Genetic) 

70 (CDD) 

MaS 

MiS 
10 + 10a 45 

30 mins, 

240 mins or 

24 hours 
AST, Histo 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; CDD, Choline-deficient diet; HCD, High cholesterol diet; Histo, Histology; MaS, Macrovesicular steatosis; 

MiS, Microvesicular steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis; n.s, not stated; NZ, New Zealand  a10 minutes total ischemia + 10 minutes 

of reperfusion 

b5 minutes total ischemia + 15 minutes of reperfusion 

c5 minutes of total ischemia + 10 minutes of reperfusion
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Table 28 Study details of experimental models of orthotopic liver transplantation and hepatic steatosis with ischemic preconditioning 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; Histo, Histology; Mixed, Presence of both macrovesicular and microvesicular steatosis; UW, University of 

Wisconsin solution 

a10 minutes total ischemia + 10 minutes of reperfusion 

b5 minutes of total ischemia + 10 minutes of reperfusion

Author 
Animal 

(Strain/Gender) 
Steatosis model 

(Age or weight) 

Induction 

Anaesthesia 

(Maintenance) 

% 

steatosis 
Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia (mins); 

perfusate 

Duration of 

reperfusion 

(mins) 

Outcome 

measures 

Niemann 

et al [345] 

Rat 

(Zucker/Male) 

Genetic 

(8-9 weeks) 
Isofluorane < 10 Minimal 10 + 10a 240; UW 24 hours Survival 

Jimenez-

Castro et 

al [293] 

Rat 

(Zucker/Male) 

Genetic 

(10-11 weeks) 
Isofluorane 40-60 Mixed 5 + 10b 360; UW 240 

ALT, AST, 

Histo, 

Survival 

Casillas-

Ramirez et 

al [292] 

Rat 

(Zucker/Male) 

Genetic 

(10-11 weeks) 
Isofluorane 40-60 Mixed 5 + 10b 360; UW 240 

ALT, AST, 

Histo 

Carrasco-

Chaumel 

et al [290] 

Rat 

(Zucker/Male) 

Genetic 

(10-11 weeks) 
Isofluorane 40-60 Mixed 5 + 10b 360; UW 240 

ALT, AST, 

Histo 

Fernandez 

et al [291] 

Rat 

(Zucker/Male) 

Genetic 

(10-11 weeks) 
Isofluorane 40-60 Mixed 5 + 10b 360; UW 240 

ALT, AST, 

Histo 
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6.3.2 Warm IRI 

 

Thirteen studies examined the effect of IPC on warm IRI in steatotic livers (Table 27).  The majority were 

performed on rodents (n=12), with one using a rabbit model.  Eight studies used a genetic model of 

hepatic steatosis; four studies used dietary modifications with steatosis being induced using either a CDD 

(n=2) or a HCD (n=2).  One study used both a genetic model (ob/ob mouse) and CDD-induced steatosis in 

C57 mice [104].  Eleven of the 13 studies had included both sham (laparotomy only) and non-

preconditioned steatotic livers as controls.  The remaining 2 studies had non-preconditioned steatotic 

livers as control livers [104, 279].   

 

Moderate-severe (>30%) steatosis was present in 12 of the 13 studies.  One study reported mild (<30%) 

steatosis.  Five studies investigated a predominance of MaS, five studies examined mixed hepatic 

steatosis, two studies investigated a predominance of MiS and one study investigated both types of 

steatosis independently [104].   

 

Eight studies used 5-minutes ischemia and 10-minutes reperfusion (5+10) in their protocol of IPC, 3 

studies used 10-minutes ischemia and 10-minutes reperfusion (10+10) and one study used 10-minutes 

ischemia with 15-minutes (10+15) reperfusion.  One study investigated all three durations of IPC 

experiment and used non-preconditioned steatotic livers for comparison [270]. 

 

All 13 studies used partial vascular occlusion to the median and left liver lobes to induce ischemia to 70% 

of the liver.  To assess the effect of IPC on survival rates, one study induced THI [341] and another study 

performed partial vascular occlusion to 70% of the liver and resected the non-ischemic lobes (30% of the 

liver) at the onset of reperfusion [270].  The most common duration of warm ischemia was 60 minutes 

(n=7, range 45-90 minutes).  There was a wide variation in the duration of reperfusion (from 30 minutes 

to 24 hours); the most common duration was 24 hours (seven of 13 studies).  Studies that applied multiple 

reperfusion end-points used non-preconditioned steatotic livers as control material for each reperfusion 

end-point.   

 

Outcome measures included survival (n=2, Table 29), histologic changes (n=10, Table 30) and LFT 

findings (n=13, Table 31).  Assessment of histological injury based on a point-counting method [270] was 

used in 8 studies.  Two studies assessed the percentage of hepatocellular necrosis as the histological end-

point [104, 279].  Of the eight studies that described histological assessment utilizing a point-counting 
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method, seven studies reported the percentage of Grade 3 necrosis within the livers, and the remaining 

study reported the average histological injury score in each experimental group [343].  In two of 10 

studies, the histological assessment was blinded [343, 344].  Seven studies used a commercial enzymatic 

kit to measure serum LFTs and the remaining six studies used an automated biochemistry analyzer.  

 

The quality assessment of the included studies of warm IRI are shown in Table 32.  The average score 

reported was 9/15 (67 ± 7%), the lowest was 8/14 (57%) and the highest was 12/15 (80%).  Only two 

studies reported the randomization of animals across treatment groups.  There was no report of allocation 

concealment in either study.  Of the 12 studies that reported histology outcome, only two (17%) stated that 

histological assessment was blinded [343, 344].  The other outcome measures were not blinded in any of 

the studies included.  There were no reports of the exclusion of animals from analysis and only three of 

the 13 (23%) studies reported control of animal body temperature. 
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Table 29 Survival outcome in experimental models of warm ischemia-reperfusion injury and hepatic steatosis with ischemic 

preconditioning 

IPC, Ischemic preconditioning; Mixed, Presence of both macrovesicular and microvesicular steatosis 

a5 minutes total ischemia + 10 minutes of reperfusion 

bp<0.05 versus non-preconditioned steatotic livers 

 

  

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of ischemia  

(mins, type of 

ischemia) 

Duration of 

reperfusion 

(mins) 

Survival of preconditioned steatotic livers  

(Non-preconditioned steatotic livers) 

Serafin et 

al [341] 
Rat Genetic 60-70 Mixed 5 + 10a 60 (Total) 

Up to 30 

days 
70% (0)b 

Serafin et 

al [270] 
Rat Genetic 60-70 Mixed 5 + 10a 60 (Total) 

Up to 30 

days 
70% (0)b 



170 

 

Table 30 Histological findings in experimental models of warm ischemia-reperfusion injury and hepatic steatosis with ischemic 

preconditioning 

CDD, Choline-deficient diet; MaS, Macrovesicular steatosis; MiS, Microvesicular steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis; ns, not stated 

a10 minutes total ischemia + 10 minutes of reperfusion 

b5 minutes total ischemia + 15 minutes of reperfusion   

c5 minutes of total ischemia + 10 minutes of reperfusion 

dp < 0.05 versus non-preconditioned steatotic livers (Results shown as mean ± SEM)

Author Animal 
Steatosis 

model 
% steatosis 

Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia (mins, 

type of ischemia) 

Duration of 

reperfusion 

(mins) 

Results in preconditioned steatotic livers  
(Non-preconditioned steatotic livers) 

Steenks et 

al [343] 
Rat Genetic < 30 MaS 10 + 10a 45 (partial) 60 Hepatic injury score: 1.6 ± 0.2 (1.3 ± 0.5) 

Saidi et al 

[344] 
Rat Genetic 30-60 MaS 10 + 15b 75 (partial) 180 Grade 3 necrosis: 15% (55%)d 

Tacchini et 

al [268] 
Rat Genetic 60-70 MaS 5 + 10c 60 (partial) 24 hours Grade 3 necrosis: 70 ± 10% (30 ± 5%)d 

Serafin et al 

[341] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 

360 
24 hours 

Grade 3 necrosis: 10 ± 5% (35 ± 10%)d 
Grade 3 necrosis: 27.5 ± 5% (75 ± 5%)d 

Casillas-

Ramirez et 

al [342] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 24 hours Grade 3 necrosis: 30 ± 1% (74 ± 1%)d 

Massip-

Salcedo et 

al [276] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 24 hours Grade 3 necrosis: 28 ± 1% (74 ± 1%)d 

Massip-

Salcedo et 

al [278] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 

360 
24 hours 

Grade 3 necrosis: 12 ± 1% (35 ± 2%)d 
Grade 3 necrosis: 24 ± 1% (75 ± 2%)d 

Serafin et al 

[270] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 24 hours Grade 3 necrosis: 30 ± 5% (74 ± 5%)d 

Selzner et al 

[279] 
Mouse CDD 70 MiS 10 + 10a 75 (partial) 24 hours Grade 3 necrosis: 35 ± 10% (70 ± 10%)d 

Selzner et al 

[104] 
Mouse 

Genetic 

or CDD 
58 (Genetic) 

70 (CDD) 
MaS 
MiS 

10 + 10a 45 (partial) 24 hours 
Grade 3 necrosis: 24 ± 3% (70 ± 8.5%)d 
Grade 3 necrosis: 6 ± 0.2% (26 ± 5%)d 
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Table 31 Liver function tests in experimental models of warm ischemia-reperfusion injury and hepatic steatosis with ischemic 

preconditioning 

Author Animal 
Steatosis 

model 
% steatosis 

Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia (mins, 

type of ischemia) 

Duration of 

reperfusion 

(mins) 

Results in preconditioned steatotic livers  

(Non-preconditioned steatotic livers) 

Steenks et 

al [343] 
Rat Genetic < 30 MaS 10 + 10a 45 (partial) 60 

ALT: 4100 ± 1500 (2500 ± 200 U/L) 
AST: Similar to ALT findings 

Saidi et al 

[344] 
Rat Genetic 30-60 MaS 10 + 15b 75 (partial) 180 AST: 3285 ±  122.3 (5436.3 ± 984.7 U/L)d 

Koti et al 

[199] 
Rat HCD 30-60 MaS 5 + 10c 45 (partial) 120 

ALT: 474.8 ± 122.3 (5436.3 ± 984.7 U/L)d 
AST: 630.8 ± 76.9 (3166.3 ± 379.6 U/L)d 

Hafez et al 

[201] 
Rabbit HCD 40-60 MaS 5 + 10c 60 (partial) 420 

ALT: 54 ± 14 (178 ± 34 IU/L)d 
AST: 199 ± 33 (406 ± 86 IU/L)d 

Tacchini 

et al [268] 
Rat Genetic 60-70 MaS 5 + 10c 60 (partial) 

360 
24 hours 

ALT: 675 ± 100 (400 ± 50 U/L)d 

ALT: 152 ± 51 (405 ± 101 U/L)d 

Serafin et 

al [341] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 360 ALT: 205 ± 53 (1003 ± 152 U/L)d 

Casillas-

Ramirez et 

al [342] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 24 hours ALT: 310 ± 49 (2708 ± 301 U/L)d 

Massip-

Salcedo et 

al [276] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 24 hours ALT: 408 ± 59 (2505 ± 310 U/L)d 

Massip-

Salcedo et 

al [278] 
Rat Genetic 60-70 Mixed 5 + 10c 60 (partial) 

360 
24 hours 

ALT: 180 ± 21 (3502 ± 501 U/L)d 

ALT: 255 ± 110 (2502 ± 508 U/L)d 

Serafin et 

al [270] 
Rat Genetic 60-70 Mixed 

5 + 10c 
10 + 10a 
10 + 15b 

60 (partial) 24 hours 
ALT: 153 ± 23 (405 ± 75 U/L)d 

ALT: 370 ± 102 U/L 
ALT: 273 ± 25 U/Ld 

Rolo et al 

[22] 
Rat CDD 70 MiS2 5 + 10c 90 (partial) 720 

ALT: 705 ± 18 (1801 ± 10 IU/L)d 
AST: 953 ± 102 (1802 ± 203 IU/L)d 

Selzner et 

al [279] 
Mouse CDD 70 MiS 10 + 10a 75 (partial) 

240 
24 hours 

AST: 8010 ±  1008 (15508 ± 501 U/L)d 

AST: 4008 (13510 ± 2050 U/L)d 
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ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; CDD, Choline-deficient diet; HCD, High cholesterol diet; MaS, Macrovesicular steatosis; MiS, 

Microvesicular steatosis; Mixed, Presence of both macrovesicular and microvesicular steatosis; ns, not stated 

a10 minutes total ischemia + 10 minutes of reperfusion 

b5 minutes total ischemia + 15 minutes of reperfusion  

c5 minutes of total ischemia + 10 minutes of reperfusion 

dp < 0.05 versus non-preconditioned steatotic livers (Results shown as mean ± SEM)

Selzner et 

al [104] 
Mouse 

Genetic 

or CDD 
58 (Genetic) 
70 (CDD) 

MaS 
MiS 

10 + 10a 45 (partial) 24 hours 
AST: 13620 ± 4692 (19940 ± 4471 U/L) 

AST: 3975 ± 869 (8025 ± 998 U/L)d 
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Table 32 Methodological quality of articles examining effect of ischaemic preconditioning in warm ischemia-reperfusion injury 

+ = 1, - = 0, NA = not applicable; IRI, Ischemia-reperfusion injury 

aRequired are: species, strain, sex, and weight or age 

bNumber and duration of preconditioning and ischemic period(s), timing and duration of index ischemia 
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Research question specified and clear + + + + + + + + + + + + + 100 
Animals randomized across groups - - - - - - + - - - - + - 15 
Outcome assessment randomized 

across groups 
- - - - - - - - - - - - - 0 

Concealment of allocation - - - - - - - - - - - - - 0 
Group characteristics clearly describeda + + + + + + + + + + + + + 100 
Group characteristics described as 

equal 
+ + + + + + + + + + + + + 100 

Correct control group used + + + + + + + + + - - + + 85 
Body temperature controlled within 

3oC variation 
+ + - - - - - - - - - - + 23 

Blinded outcome assessment for 

histology 
NA - - - - - - - - - - + + 17 

IRI treatment protocol(s) clearly 

describedb 
+ + + + + + + + + + + + + 100 

Time of outcome measurement clearly 

described 
+ + + + + + + + + + + + + 100 

Number of animals per group clear + + + + + + + + + + + + + 100 
Number of animals excluded from 

analysis clear 
+ + + + + + + + + + + + + 100 

Exclusion criteria mentioned and clear NA NA NA NA NA NA NA NA NA NA NA NA + 100 
Complete outcome data + + + + + + + + + + + + + 100 
Total score 10 10 9 9 9 9 10 9 9 8 8 11 12 9 
Maximal possible score 13 14 14 14 14 14 14 14 14 14 14 14 15 14 
Quality (%) 77 71 64 64 64 64 71 64 64 57 57 79 80 67 
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6.3.3 Cold IRI 

 

Five studies examined the effect of IPC and cold IRI in steatotic livers (Table 28).  All of these studies 

had been performed in a rodent genetic model of hepatic steatosis (Zucker fa/fa).  Four studies used both 

sham (laparotomy only) and non-preconditioned steatotic livers; and one used non-preconditioned 

steatotic livers as control livers [345].   Four studies reported on moderate (30-60%) mixed steatosis and 

one study described minimal to no hepatic steatosis [345].  Four studies used 5+10 IPC and one study 

used 10+10 IPC prior to cold ischemia [345].  Following cold ischemia, livers were reperfused in-vivo 

using an OLT model in all studies.  The durations of cold ischemia used were 240 minutes (n=1) or 360 

minutes (n=4).  The organs were flushed with UW solution in all studies and stored for the duration of 

cold ischemia at 4°C on ice.   

 

Outcome measures included survival (n=2, Table 33), histology (n=4, Table 34) and LFTs (n=4, Table 

35).  All four of the studies that assessed histological injury used a point-counting method [270] and none 

of the observers were blinded.  Two of the studies reported only the severity of necrosis and two studies 

reported average histological injury scores.  In all four studies, commercial enzymatic kits were used to 

measure LFTs. 

 

The quality assessment of the included studies for cold IRI are shown in Table 36.  The average score 

reported was 10.4/14 (74 ± 7%); four studies at the lower end scored 10/14 (71%) and one study achieved 

a high score of 12/14 (86%).  All five studies randomized animals across the treatment groups, but only 

one reported the concealment of allocation in the study; furthermore, only one study stated that 

histological assessment was blinded.  No animals were excluded from analysis and none of the five 

studies reported the control of animal body temperature. 



175 

 

Table 33 Survival outcome in experimental models of orthotopic liver transplantation and hepatic steatosis with ischemic 

preconditioning 

Mixed, Presence of both macrovesicular and microvesicular steatosis; n.s, not stated; UW, University of Wisconsin solution 

a10 minutes total ischemia + 10 minutes of reperfusion 

b5 minutes of total ischemia + 10 minutes of reperfusion  

cp < 0.05 versus non-preconditioned steatotic livers  

 

 

 

  

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia  

(mins, perfusate) 

Duration of 

reperfusion 

(mins) 

Survival of preconditioned steatotic livers  

(Non-preconditioned steatotic livers) 

Niemann 

et al [345] 
Rat Genetic <10% Minimal 10 + 10a 240; UW 24 hours 87.5% (25%)c 

Jimenez-

Castro et 

al [293] 
Rat Genetic 40-60 Mixed 5 + 10b 360; UW 14 day 70% (30%)c 
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Table 34 Histological findings in experimental models of orthotopic liver transplantation and hepatic steatosis with ischemic 

preconditioning 

Mixed, Presence of both macrovesicular and microvesicular steatosis; UW, University of Wisconsin solution 

a5 minutes of total ischemia + 10 minutes of reperfusion 

bp < 0.05 versus non-preconditioned steatotic livers (Results shown as mean ± SEM) 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia  

(mins, perfusate) 

Duration of 

reperfusion 

(mins) 

Results in preconditioned steatotic livers  

(Non-preconditioned steatotic livers) 

Jimenez-

Castro et 

al [293] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 Hepatic injury score: 1.4 ± 0.2 (3.8 ± 0.1)b 

Casillas-

Ramirez et 

al [292] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 Hepatic injury score: 1.4 ± 0.2 (3.8 ± 0.1)b 

Carrasco-

Chaumel 

et al [290] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 Grade 3 necrosis: 25 ± 1% (65 ± 1%)b 

Fernandez 

et al [291] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 ↓Severity of necrosis 



177 

 

Table 35 Liver function tests in experimental models of orthotopic liver transplantation and hepatic steatosis with ischemic 

preconditioning 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; Mixed, Presence of both macrovesicular and microvesicular steatosis; UW, University of Wisconsin solution 

a5 minutes of total ischemia + 10 minutes of reperfusion 

bp < 0.05 versus non-preconditioned steatotic livers (Results shown as mean ± SEM) 

Author Animal 
Steatosis 

model 
% 

steatosis 
Type of 

steatosis 

Duration 

of IPC 

(mins) 

Duration of 

ischemia  

(mins, perfusate) 

Duration of 

reperfusion 

(mins) 

Results in preconditioned steatotic livers  

(Non-preconditioned steatotic livers) 

Jimenez-

Castro et 

al [293] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 

ALT: 1100 ± 50 (4200 ± 450 IU/L)b 

AST: 1200 ± 100 (3300 ± 400 IU/L)b 

Casillas-

Ramirez et 

al [292] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 

ALT: 1050 ± 100 (4350 ± 500 IU/L)b 

AST: 1250 ± 150 (3400 ± 550 IU/L)b 

Carrasco-

Chaumel 

et al [290] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 

ALT: 500 ± 100 (2800 ± 500 U/L)b 

AST: 500 ± 50 (3250 ± 500 U/L)b 

Fernandez 

et al [291] 
Rat Genetic 40-60 Mixed 5 + 10a 360; UW 240 

ALT: 600 ± 100 (3000 ± 300 U/L)b 

AST: 350 ± 50 (4000 ± 600 U/L)b 
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Table 36 Methodological quality of articles examining effect of ischaemic preconditioning in orthotopic liver transplantation 
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Concealment of allocation + - - - - 20 

Group characteristics clearly describeda + + + + + 100 

Group characteristics described as equal + + + + + 100 

Correct control group used + + + + + 100 

Body temperature controlled within 3oC 

variation 
- - - - - 0 

Blinded outcome assessment for histology + - - - - 20 

IRI treatment protocol(s) clearly describedb + + + + + 100 

Time of outcome measurement clearly 

described 
+ + + + + 100 

Number of animals per group clear + + + + + 100 

Number of animals excluded from analysis 

clear 
+ + + + + 100 

Exclusion criteria mentioned and clear NA NA NA NA NA NA 

Complete outcome data + + + + + 100 

Total score 12 10 10 10 10 10 

Maximal possible score 14 14 14 14 14 14 

Quality (%) 86 71 71 71 71 74 
1 = yes, 0 = no, NA = not applicable; IRI, Ischemia-reperfusion injury  

aRequired are: species, strain, sex, and weight or age 

bNumber and duration of preconditioning and ischemic period(s), timing and duration of index ischemia  



179 

 

6.3.4 Impact of IPC in steatotic livers subjected to warm IRI 

 

Both of the studies that reported on mortality demonstrated increased 30-day survival in animals that were 

subjected to 5+10 preconditioning compared to non-preconditioned animals (Table 29) [270, 341].  

Histologically, preconditioning was associated with decreased necrosis compared with that in non-

preconditioned steatotic livers (Table 30) [104, 268, 270, 276, 278, 279, 341, 342, 344].  In concordance 

with histological findings, LFT (ALT/AST) results were lower in preconditioned animals than in non-

preconditioned animals (Table 31) [22, 199, 201, 268, 270, 276, 278, 279, 341, 342, 344].  One study 

showed no difference in post-reperfusion ALT between animals subjected to 10+10 preconditioning and 

non-preconditioned animals [270]; and another showed decreased AST in preconditioned animals with 

MiS but only a trend towards decreased AST in animals with MaS [104].  A single study found evidence 

of increased histological damage and reduced liver function in preconditioned steatotic livers compared 

with non-preconditioned steatotic livers [343].  Funnel plot assessment demonstrated that negative studies 

appear to be under-represented for histology and LFTs. 

 

 

6.3.5 Impact of IPC on steatotic livers subjected to cold IRI 

 

In both studies that reported mortality, recipients of preconditioned steatotic grafts achieved significantly 

improved rate of survival compared with recipients of non-preconditioned steatotic grafts (Table 33) [293, 

345].  Likewise, recipients of preconditioned steatotic grafts achieved lower LFT results and showed 

decreased necrosis on histology (Table 34 and Table 35) [290-293].  There were no negative findings on 

the effects of IPC on steatotic livers subjected to cold IRI. 

 

 

6.4 Discussion 

 

IRI initiates a sequence of events that leads to cellular damage [5] and is a major cause of morbidity and 

mortality in liver surgery.  This has led to the development of IPC to mitigate the deleterious effect of IRI.  

Although IPC has been shown to be protective against IRI [17], its impact on steatotic livers subjected to 

IRI is less evident.  Given hepatic steatosis is associated with consistently poorer functional outcomes 

following liver surgery and an increased susceptibility to IRI (Chapter 3-5); there is a need for effective 

strategies to reduce IRI in steatotic livers.  The present review demonstrates that in experimental models 
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of hepatic steatosis, animals with preconditioned livers have improved outcomes following IRI, with 

increased survival, decreased histological damage and improved liver function. 

 

The majority of studies identified in this review used genetically modified animals to model hepatic 

steatosis.  However, the pathophysiologic defect used to induce this condition (leptin or leptin receptor 

deficiency) does not accurately reflect the etiology that underpins clinical hepatic steatosis [184].  

Similarly, animals fed on a CDD developed significant weight loss and insulin sensitivity and therefore do 

not represent a true reflection of this condition [184].  It is proposed that a high-fat and high-carbohydrate 

diet model would most closely emulate steatosis in the clinical setting.  Indeed, this was most closely 

approximated in two of the studies identified, used a HCD [199, 201].  However, it is acknowledged that a 

single model that encompassing the full characteristics of human hepatic steatosis remains elusive and 

future studies must pay close consideration to animal diet to ensure clinical relevance. 

 

Hepatic steatosis is categorized as mild, moderate or severe according to whether <30%, 30-60% or 

>60%, respectively, of the hepatocytes contain cytoplasmic fat vacuoles [11].  Additionally, hepatic 

steatosis is described qualitatively according to the type (MaS or MiS) of steatosis present: MaS is thought 

to be associated with metabolic syndrome or alcohol abuse, and MiS is typically related to toxins or 

metabolic disorders [11].  The presence of MaS alone is rare, and usually both types of steatosis are 

present [11].  In the 18 studies identified, moderate-severe steatosis was present in 15 studies and mixed 

hepatic steatosis was present in 12 studies.  Histological heterogeneity among studies makes the 

generalization of data difficult, and there continues to be much controversy on the propriety of individual 

staining methods and whether histological diagnosis represents a reference-standard method [65].  This 

has remained a major obstacle in efforts to make detailed comparisons between experimental and clinical 

models of IRI. 

 

The studies referred to in this review used three different durations of IPC, although the majority of 

studies (n=12) used a 5+10 IPC protocol.  This is perhaps not as concerning as the histologic differences 

among the studies because it reflects the variability with which IPC is utilized clinically [333, 346].  

Similarly, the duration of warm ischemia was variable (45-90 minutes) but all studies used partial vascular 

occlusion as the preferred method of inducing warm IRI.  Studies that assessed survival used THI [270, 

341].  In the clinical setting, total in-flow occlusion is the method most commonly utilized in liver 

surgery, but this is poorly tolerated in rodents as a result of splanchnic congestion and potential 

confounding from early bowel ischemia and consequent haemodynamic instability.  Furthermore, there 
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was large variation in the duration of reperfusion in the studies of warm IRI (30 minutes to 24 hours).  In 

studies of cold IRI, there was similar variability in the duration of ischemia and reperfusion.  The 

differences in duration of IPC, method and duration of IRI appear to be based on laboratory experience 

and preference, but this precludes the objective comparison of data among studies. Although it would be 

expedient to standardize IPC and IRI protocols in future studies, it is acknowledged that multiple factors 

must be considered in the selection of an experimental model of IRI [85]. 

 

Survival rates of severely steatotic livers subjected to warm IRI were very poor: none survived 60 minutes 

of THI [270, 341].  This is consistent with clinical observation where patients with >30% steatosis have an 

increased risk for post-operative morbidity and mortality [178, 180].  However, 5+10 IPC improved 

survival rates to 70% in both of the studies that used this protocol [270, 341], indicating that IPC was able 

to decrease liver damage and preserve the functional capacity of the steatotic liver.  Moreover, survival 

rates of recipients of transplanted non-preconditioned steatotic livers were very low and IPC significantly 

improved survival rates [293, 345].  This mirrors the findings of Jassem et al. [347], who reported that IPC 

in deceased donor allografts was associated with a promotion of genes involved in cellular protection and 

repair.   

 

The use of IPC in steatotic livers was also associated with decreased histological damage and improved 

LFT.  Thirteen studies investigated warm IRI and reported LFT findings.  Twelve of these studies  

reported that IPC was associated with decreases in ALT/AST compared with levels in non-preconditioned 

steatotic livers [22, 104, 199, 201, 268, 270, 276, 278, 279, 341, 342, 344] and the remaining study found 

increased transaminases in preconditioned steatotic livers compared to non-preconditioned livers [343].  

In the four studies of cold IRI in which LFT data were reported, IPC was associated with decreased 

transaminases in preconditioned steatotic livers [290-293].  Interestingly, one study showed that in warm 

IRI, 10+15 and 5+10 IPC protocols were associated with lower ALT but 10+10 IPC was not [270].  With 

regard to the impact of IPC on the type of steatosis, Selzner et al. showed a significant benefit of 10+10 

IPC in MiS, but found the improvement was not statistically significant in MaS [104].  Importantly, this 

study was performed using a mouse model; none of the studies made a direct comparison between MiS 

and MaS using a rat or large animal model (However, other studies clearly showed a significant benefit of 

IPC in MaS [199, 201, 268]).  Consistent with these LFT findings, histological assessment showed that 

IPC led to decreased necrosis post-warm IRI in nine studies [104, 268, 270, 276, 278, 279, 341, 342, 344] 

and one study showed a non-significant trend towards increased hepatic injury [343].  Similar findings 
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were reported in preconditioned steatotic livers subjected to cold IRI with decreased necrosis compared to 

non-preconditioned livers [290-293].   

 

The methodological qualities of the animal studies included in this review were comparable with those of 

a similar recently published systematic review [340].  However, there are a few aspects that might be 

improved to better align with the principles of good scientific practice and to decrease bias.  Firstly, a 

distinct lack of randomization was observed in studies investigating warm IRI, which was compounded by 

the absence of outcome assessment blinding in both IRI models.  There was also no extraneous control of 

animal body temperature.  These issues diminish the scientific and translational value of affected studies.  

Secondly, there is little consensus on the optimal animal model for this particular field of research, which 

is clearly apparent in the considerable variation in both the animal models of hepatic steatosis and 

histological reporting of steatosis observed in this review.  This significant heterogeneity (in animals used; 

types and models of hepatic steatosis; durations of IPC, ischemia and reperfusion; and outcome measures) 

limits the ability to uniformly appraise and meta-analyse data, and instead forces greater focus on study 

conclusions.  There is a clear need for the better reporting of outcomes in animal studies in this field in 

order to provide a common platform of results and to minimize potential bias in future studies.  Finally, 

the under-representation of negative findings in this field may be attributed to publication bias resulting 

from a reluctance to publish negative results or the lack of a forum in which to do so.  It is hoped that this 

systematic review will serve as a stimulus for the stipulation that future animal studies should apply 

methodological standards similar to those required in clinical research.   

 

The articles identified in this systematic review demonstrate that IPC was able to attenuate the negative 

effects of IRI in steatotic livers as evidenced by decreased histological damage, less hepatocyte injury and 

improved survival in preconditioned livers.  These studies also confirmed that >30% steatotic livers were 

more susceptible to warm and cold IRI, consistent with clinical observations [177, 180].  This review 

demonstrates that IPC may potentially enlarge the available organ donor pool by conferring protective 

properties to marginal donor grafts.  To date, the most commonly used duration of IPC in the clinical 

environment is 10+10 minutes [335] and it is recommended that future experimental studies should use a 

protocol aligned with this.  Similarly, the duration of cold ischemia in the studies identified was relatively 

short and a recent study has recommended that organs with >30% steatosis can be used in OLT if other 

factors (donor age <40 years, cold ischemic time of <5 hours, non-circulatory cause of death) are 

controlled [7].  Although clinical studies have shown minimal to no benefit of IPC in steatotic livers 

subjected to cold ischemia of >6 hours [348, 349], these findings should be replicated in experimental 
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studies to better elucidate the underlying mechanism of IPC in the prolonged cold storage of steatotic 

livers.  The mechanisms underpinning the effect of IPC have been reviewed extensively elsewhere [17].  

Both experimental and clinical studies have implicated a complex set of mediators and pathways, but the 

exact nature of the relationships among these factors remains unknown.  Additionally, there have been 

conflicting clinical results of IPC in warm IRI [20, 350] and transplantation [351, 352].  This has led to 

on-going debate about the utility of IPC in liver surgery, but the clinical effect of IPC on steatotic livers is 

not well described.  Further studies on IPC in steatotic livers in a clinical context are required and 

experimental studies should be performed in an appropriate manner in order to increase current 

understanding of this complex relationship. 

 

 

6.5 Summary 

 

The evidence from this systematic review suggests that IPC confers a protective effect in experimental 

steatotic livers subjected to IRI and results in improved survival, decreased histological injury and an 

improved liver enzyme profile.  Conflicting results with the use of IPC during clinical trials of hepatic 

surgery should lead to caution in any routine clinical application.  Future experimental studies should 

ideally emulate the clinical environment, in terms of hepatic model and method of performing IRI, to 

further improve understanding of the mechanism underlying IPC.  This may, in turn, lead to the 

identification of a subset of patients who may particularly benefit from IPC.  Concurrent use of 

pharmacological therapy and IPC may ultimately yield the greatest improvement in patient outcomes, 

especially in the setting of hepatic steatosis. 
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Chapter 7   

Impact of ischemic preconditioning on outcome in clinical liver surgery: a systematic 

review 

 

 

7.1 Introduction 

 

In Chapter 6, the potential benefit of IPC in attenuating the effect of IRI on steatotic livers was described 

in experimental studies.  IPC was shown to improve survival, decreased histological and biochemical 

injury of steatotic livers in both warm IRI and cold PRI.  The protective effect of IPC on steatotic livers 

has been the topic of research for several laboratories as illustrated in Chapter 6.  There have been 

conflicting results in clinical studies [335] but IPC has remained a readily applicable technique in clinical 

practice.  In response to Chapter 6, the following chapter focuses on clinical studies of IPC in order to 

further investigate the utility of IPC as a therapeutic option for steatotic livers subjected to IRI.   

 

There have been previous systematic reviews on this topic [336, 337, 353] but they have focused on 

randomized control trials (RCT) only and so overlook useful observations from many of the studies 

published in the literature that are case-control, retrospective or non-randomized prospective studies.  

Additionally, there is no cohesive literature overview of the outcomes of IPC following IRI in clinical 

liver resection and OLT in patients with hepatic steatosis.  As outlined in Chapter 4, steatotic livers have 

an increased risk of poor outcome following OLT; and it would be pertinent to describe the interaction 

between IPC and steatotic livers in patients to assess its’ clinical benefit for this patient group. 

 

The aim of this study was to systematically review the literature and provide a concise description of the 

impact of IPC on liver resection and liver transplantation in humans, with special emphasis on outcomes 

in steatotic livers. 
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7.2 Methods 

 

7.2.1 Identification of papers 

 

A systematic electronic search was conducted through the OVID Medline and EMBASE databases from 

inception to February 2014 according to the PRISMA guidelines.  A combination of keyword searches 

(.mp) and MeSH terms (/) were used as follows:  (ischaemic preconditioning.mp OR ischemic 

preconditioning.mp OR Ischemic preconditioning/) AND (liver.mp OR hepatic.mp OR Liver/ OR 

steatosis.mp OR exp Fatty liver/).  Identified articles were limited to the English language.  For this study, 

IPC was defined as the application of a brief period of ischemia and reperfusion prior to a prolonged 

ischemic insult [333].   

 

 

7.2.2 Selection criteria 

 

Inclusion criteria were articles investigating the use of IPC in humans undergoing liver transplantation or 

liver resection.  The included study designs were randomized or non-randomized trials, prospective 

observational studies, retrospective reviews and case-control studies.  Articles were excluded if they were 

not original research (systematic review, narrative review, commentary or editorial) or did not report 

clinically relevant outcomes (for example graft or recipient survival, histological findings or LFT).  

Studies of living-related liver transplantation (LRLT) recipients were included in the group of OLT but 

results from the donor hepatectomy were excluded as these patients were not subjected to prolonged 

ischemia during liver transection. 

 

 

7.2.3 Data analysis 

 

Two reviewers independently executed searches, using titles and abstracts to manually screen through 

identified articles.  Study eligibility was determined using a standardized pro forma, with subsequent data 

extraction to a standardized pro forma.  Discrepancies were adjudicated by one of the supervisors.  

Duplicates and publications with overlapping study populations were excluded (the full-text with the 

largest number of subjects was included).  A manual search of the reference lists from included articles 

was conducted to identify any other potentially relevant studies.  Information extracted from each 
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publication were: study population, duration of IPC, type of hepatic surgery, duration and type of ischemia 

(warm/cold), severity and type of steatosis, LFT, histology, duration of hospital stay,  duration of intensive 

care unit (ICU) stay, post-operative morbidity, graft survival, and patient survival.  Qualitative assessment 

of included articles was not performed as the aim of this review was to present outcomes from all 

published clinical studies.  Systematic reviews investigating randomized trials exclusively have been 

published elsewhere [336, 337] and this was not the purpose of this current study.  For studies with 

incomplete study details or outcome measures, the corresponding author was contacted via e-mail for 

additional data.  If data was presented graphically, the author was contacted for numerical values and if 

these were not available, data were measured using digital image analysis software (ImageJ; 

http://imagej.nih.gov/ij).   

 

Basic descriptive statistics were used to summarise data pooled from individual clinical studies.  Figures 

and tables were used where appropriate to facilitate ease of interpretation.  No comparative statistical 

analyses or tests of significance were planned or undertaken.  Results are shown as mean ± SEM. 

 

 

7.3 Results 

 

7.3.1 Selected papers 

 

A total of 507 and 616 articles were identified in Medline and Embase, respectively.  After the exclusion 

of duplicates, 1075 abstracts were screened and 30 manuscripts were obtained for further evaluation.  One 

additional manuscript was identified from searching the journal article bibliographies.  Twenty-four 

manuscripts met all inclusion criteria and formed the basis of this study (Figure 8).  The impact of IPC in 

OLT (Table 37 and Table 38) and liver resection (Table 39 and Table 40) were examined in 12 studies 

each.  There was no delay/interval between the IPC stimulus and the IRI episode in all 24 studies. 

 

   

http://imagej.nih.gov/ij
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Figure 8 QUORUM Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

n, number of papers 

1IPC, ischemic preconditioning 

2No control group (without IPC) 

3Clinical outcome determined as histology, LFT, hospital stay, morbidity or mortality

Potentially relevant abstracts identified 

n = 1123 

Abstracts excluded (n = 1093) 

- Animal studies   = 682 

- Not original research articles = 345 

- Duplicates    = 48 

- No IPC1 used   = 18 

 

Manuscripts retrieved for detailed 

evaluation 

n = 30 

Manuscripts identified from searching 

reference lists 

n = 1 

Potentially appropriate manuscripts       

n = 31 

Manuscripts meeting the inclusion criteria 

n = 24 

Manuscripts excluded in systematic review     

n = 7 

- Duplicate population   = 3 

- No control group in study2  = 3 

- No report of clinical outcome3 = 1 
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Table 37 Summary of outcome in non-randomized clinical studies of ischemic preconditioning in orthotopic liver transplantation 

Author Year Study type 
Donor 

type 
IPC No IPC 

Duration of IPC 

(mins) 
Mean ischemic 

time (mins) 
Outcome measures Effect of IPC 

Jassem et al 

[334] 
2006 Case control DBD 9 14 10 + up to 30 690 

Blood tests, AR, AST, ICU, 

INR, IOBL, PNF 

↓AR4, ↓AST, 

↓ICU,  

↑IOBL4 

Cescon et al 

[354] 
2009 Prospective1 DBD 20 20 10 + 15 360 

Bili, ICU, GS, IPF, INR, 

LFT, PNF, PS, Transfusion 
No difference 

Degli Esposti 

et al [348] 
2011 Retrospective DBD 26 24 10 + 10 440 

AR, Bili, CR, Histo, HS, 

ICU, LFT, Morbidity, 

Transfusion 
↓ALT/AST2 

Azoulay et al 

[355] 
2005 Prospective3 DBD 46 45 10 + 10 448 

AR, Bili, Histo, HS, ICU, 

IPF, LFT, Morbidity, PNF, 

PS, PT, Transfusion 

↓ALT/AST, 

↑HS/ICU4, 

↓Necrosis, ↑IPF 

Andreani et al 

[356] 
2010 Prospective LRLT 22 22 10 + 10 155 

AR, Bili, GS, Histo, HS, 

ICU, LFT, Morbidity, PNF, 

PS, PT, Transfusion 
No difference 

Testa et al 

[357] 
2010 Prospective LRLT 10 10 10 + 10 120 

AR, Bili, GS, HS, INR, 

LFT, Morbidity, PS, 

Transfusion 
No difference 

ALT, Alanine aminotransferase; AR, Acute rejection; AST, Aspartate aminotransferase; Bili, Bilirubin; CR, Chronic rejection; DBD, Donation after brain death; GS, Graft 

survival; Histo, Histology; HS, Hospital stay; ICU, Intensive care unit stay; INR, International normalized ratio; IOBL, Intra-operative blood loss; IPC, Ischemic 

preconditioning; IPF, Initial poor function; LRLT, Living-related liver transplantation; LFT, Liver function tests; PNF, Primary non-function; PS, Patient survival; PT, 

Prothrombin time  

1IPF not defined  

2In non-steatotic allografts only  

3IPF defined as minimal PT < 30% normal level and/or maximum bilirubin >200 μmol/L in absence of hemolysis or biliary obstruction 

4No statistically significant difference according to the author
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Table 38 Summary of outcome in randomized controlled trials of ischemic preconditioning in orthotopic liver transplantation 

Author Year 
Donor 

type 
IPC No IPC 

Duration of 

IPC (mins) 
Mean ischemic 

time (mins) 
Outcome measures Effect of IPC 

Koneru et al [351] 2007 DBD1 50 51 10 + up to 39 410 
AR, Bili, GS, Histo, HS, INR, 

IPF, LFT, PNF, PS, 

Transfusion 

↑ALT/AST 

↓Moderate-severe AR3 

Jassem et al [347] 2009 DBD 19 16 10 + 27-34 580 AR, AST, Bili, INR ↓AST 

Franchello et al [358] 2009 DBD 30 45 10 + 30 518 
AR, Bili, GS, Histo, HS, INR, 

LFT, PNF 
↓Hepatocyte swelling 

Cescon et al [352] 2006 DBD2 23 24 10 + 15 385 
Bili, GS, IPF, LFT, PNF, PS, 

PTA, Transfusion 
↓ALT/AST 

Amador et al [359] 2007 DBD 30 30 10 + 10 376 
AR, Bili, GS, Histo, HS, ICU, 

IOBL, LFT, Morbidity, PNF, 

PS, PT, Transfusion 
↓ALT/AST, ↓PNF3 

Koneru et al [349] 2005 DBD 34 28 
5 + on-going 

reperfusion 
437 

GS, Histo, LFT, PS, PNF, 

Transfusion 
↑ALT/AST3 

ALT, Alanine aminotransferase; AR, Acute rejection; AST, Aspartate aminotransferase; Bili, Bilirubin; DBD, Donation after brain death; GS, Graft survival; Histo, Histology; 

HS, Hospital stay; ICU, Intensive care unit stay; INR, International normalized ratio; IOBL, Intra-operative blood loss; IPC, Ischemic preconditioning; IPF, Initial poor 

function; LFT, Liver function tests; PNF, Primary non-function; PS, Patient survival; PT, Prothrombin time; PTA, Prothrombin activity 

1IPF defined as INR > 3.0 and/or Total Bili > 15mg% in absence of biliary obstruction;  

2IPF defined as minimal PTA < 30% normal level and/or maximum Bili >15 mg/dL in absence of hemolysis or biliary obstruction 

3No statistically significant difference according to the author
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Table 39 Summary of outcome in non-randomized clinical studies of ischemic preconditioning in liver resection 

Author Year Study type IPC No IPC 
Duration of 

IPC (mins) 
Mean ischemic 

time (mins)1 
Outcome measures Effect of IPC 

Theodoraki et al [360] 2011 Case control 21 21 10 + 15 44 
AST, HS, ICU, IOBL, 

Morbidity, Transfusion 
↓AST 

Domart et al [361] 2009 Retrospective 31 30 10 + 10 45 (TVE) 
Bili, Histo, HS, ICU, 

IOBL, LFT, PT 
↓Necrosis 

Chouker et al [362] 2005 Prospective 25 24 10 + 10 35 HS, ICU, LFT, PT ↓ALT/AST 

Nuzzo et al  [363] 2004 Prospective 21 21 10 + 10 45 
Bili, LFT, Morbidity, 

PTA, Transfusion 
↓ALT/AST 

Clavien et al [20] 2000 Prospective 12 12 10 + 10 30 
Bili, HS, ICU, IOBL, 

LFT, Morbidity, PT, 

Transfusion 

↓ALT/AST, ↓Transfusion 

requirement, ↓Major post-

operative complications 

Li et al [364]2 2004 Prospective 15 14 5 + 5 18 
Bili, HS, IOBL, LFT, 

Morbidity 

↓ALT/AST, ↓Bili, ↓HS,  

↓Post-operative 

complications 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; Bili, Bilirubin; Histo, Histology; HS, Hospital stay; ICU, Intensive care unit stay; IOBL, Intra-operative 

blood loss; IPC, Ischemic preconditioning; LFT, Liver function tests; PT, Prothrombin time; PTA, Prothrombin activity; TVE, Total vascular exclusion 

1Continuous Pringle maneuver unless otherwise specified 

2Patients with liver cirrhosis only
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Table 40 Summary of outcome in randomized controlled trials of ischemic preconditioning in liver resection 

Author Year IPC No IPC 
Duration of 

IPC (mins) 
Mean ischemic 

time (mins)1 
Outcome measures Effect of IPC 

Arkadopoulos et al [365] 2009 41 43 10 + 15 42 (TVE) 
AST, Bili, HS, ICU, IOBL, PT, 

Morbidity, Transfusion 
↓AST 

Azoulay et al [350] 2006 30 30 10 + 10 46 (TVE) 
Bili, HS, ICU, IOBL, LFT, 

Morbidity, PT, Transfusion, 

↑ALT/AST2,  

↓HS/ICU2 

Winbladh et al [366] 2012 16 16 10 + 10 42 (IPTC) 
Bili, HS, INR, IOBL, LFT, 

Morbidity, Transfusion 
No difference 

Scatton et al [367] 2011 40 39 10 + 10 49 (IPTC) 
ALT, Bili, HS, ICU, IOBL, 

Morbidity, PT, Transfusion, 
No difference 

Heizmann et al [368] 2008 30 31 10 + 10 34 
ALT, Bili, ICU, IOBL, 

Morbidity, Transfusion 

↓ALT2, ↓IOBL, ↓Post-

operative complications, 

↓Transfusion requirement 

Clavien et al [333] 2003 50 50 10 + 10 36 
Bili, HS, ICU, IOBL, Morbidity, 

LFT, PT, Transfusion 
↓ALT/AST 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; Bili, Bilirubin; HS, Hospital stay; ICU, Intensive care unit stay; IOBL, Intra-operative blood loss; IPC, 

Ischemic preconditioning; IPTC, Intermittent portal triad clamping; LFT, Liver function tests; PT, Prothrombin time; TVE, Total vascular exclusion 

1Continuous Pringle maneuver unless otherwise specified 

2No statistically significant difference according to the author
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7.3.2 Overview of studies 

 

In the 12 studies of IPC in OLT, there were 6 RCT, 4 prospective studies, 1 case-control study and 1 

retrospective analysis (Table 37 and Table 38).  Two studies examined the impact of IPC in LRLT (Table 

37).   

 

In the 12 studies of IPC in liver resection, there were 6 RCT, 4 prospective studies, 1 case-control study 

and 1 retrospective analysis (Table 39 and Table 40).   

 

Six of the 24 studies investigated the impact of IPC on outcome in steatotic livers with three studies 

focused on recipients of donor steatotic livers (Table 41), and the remaining three studies were of patients 

with hepatic steatosis that underwent liver resection (Table 42).   

 

Two articles were excluded as they were written by the same group of authors in the same hospital during 

a similar time period [369, 370].  Although it was not specified, it was assumed that they described the 

results from the same cohort of patients who were more fully reported in the publication that was included 

in our review [362]. 
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Table 41 Outcome in clinical studies of ischemic preconditioning in orthotopic liver transplantation with subgroup analysis of hepatic 

steatosis 

Author Year Study type 
Donor 

type 
IPC 

No 

IPC 
% steatosis 

(Type) 
Duration of 

IPC (mins) 
Mean ischemic 

time (mins) 
Outcome measures 

Effect of 

IPC 

Franchello et 

al [358] 
2009 RCT DBD1 4 9 

>15% 

(MaS) 
10 + 30 518 Bili, GS, INR, LFT ↓AST, ↑GS2 

Degli Esposti 

et al [348] 
2011 Retrospective DBD 12 10 

0-60% 

(Mixed) 
10 + 10 440 

AR, Bili, CR, Histo, HS, 

ICU, LFT, Morbidity, 

PT, Transfusion 

↓AR, ↓CR, 

↓Necrosis 

Koneru et al 

[349] 
2005 RCT DBD 9 10 

Not stated 

(MaS) 
5 + on-going 

reperfusion 
437 ALT ↑ALT 

ALT, Alanine aminotransferase; AR, Acute rejection; AST, Aspartate aminotransferase; Bili, Bilirubin; CR, Chronic rejection; DBD, Donation after brain death; GS, Graft 

survival; Histo, Histology; HS, Hospital stay; ICU, Intensive care unit stay; INR, International normalized ratio; IPC, Ischemic preconditioning; LFT, Liver function tests; MaS, 

Macrovesicular steatosis; PT, Prothrombin time; RCT, Randomized control trial  

1Analyzed as group of marginal donor grafts (marginal donor defined as >15% MaS and/or age >65) 

2No statistically significant difference according to the author 
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Table 42 Outcome in clinical studies of ischemic preconditioning in liver resection with subgroup analysis of hepatic steatosis 

Author Year Study type IPC No IPC 
% steatosis 

(Type) 
Duration of 

IPC (mins) 
Mean ischemic 

time (mins) 
Outcome 

measures 
Effect of IPC 

Arkadopoulous et al [365] 2009 RCT 5 4 >30% (not stated) 10 + 15 42 (TVE) AST ↓AST 

Clavien et al  [333] 2003 RCT 7 6 >25% (not stated) 10 + 10 36 AST 
↓Peak AST  

(363 vs 602 UI/L) 

Clavien et al [20] 2000 Prospective 4 3 >25% (not stated) 10 + 10 30 ALT, AST 
↓ALT/AST  

(<260 UI/L each 

patient at day 1) 

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; IPC, Ischemic preconditioning; RCT, Randomized control trial; TVE, Total vascular exclusion
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7.3.3 Non-randomized studies of ischemic preconditioning in cadaveric orthotopic liver transplantation 

(Table 37) 

 

7.3.3.1 Study descriptions 

 

Four non-randomized studies reported the effect of IPC in 101 liver transplant recipients while 103 

received a non-preconditioned liver graft (Table 37).  The type of donor was reported as donation after 

brain death in all cases.  Two studies used 10+10 as IPC while one study used 10+15 and the remaining 

study used 10 minute of ischemia with reperfusion of up to 30 minutes.  The mean total ischemic time 

reported in the studies ranged from 360 to 660 minutes.  Outcome measures reported included LFT (n=4 

studies), histology (n=2), morbidity (n=4), hospital stay (n=2), ICU stay (n=4), graft survival (n=1), and 

patient survival (n=2).   

 

 

7.3.3.2 Biochemistry  

 

Post-transplantation LFT status was reported in all 4 studies.  Peak AST was observed to be lower in 

recipients of preconditioned livers (mean 489 vs. 838 IU/L) in all four studies but was only statistically 

significant in three studies [334, 348, 355] while no statistical difference was observed in the remaining 

study [354].  Peak ALT was also observed to be lower in recipients of preconditioned livers (mean 412 vs. 

717 IU/L) in the three studies that reported levels of ALT and was significant in two studies [348, 355].  

No statistical difference was observed in the remaining study [354].  Peak total bilirubin levels were 

described in three studies and no difference was observed between the groups in all studies [348, 354, 

355].  Coagulation profile (PT or international normalized ratio, INR) was reported in three studies and 

demonstrated similar findings between the groups [334, 354, 355].   

 

 

7.3.3.3 Histology 

 

Post-reperfusion histology was reported in two studies.  Assessment of histological injury based on 

necrotic indices (lobular, periportal and perivenous areas) were used in one study [348] while one study 

assessed the severity of IRI based on presence of >10% hepatocyte necrosis [355].  Preconditioned liver 
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grafts demonstrated decreased histological damage scores and necrosis in both studies and this was 

statistically significant in one study [355]. 

 

 

7.3.3.4 Operative and post-operative outcomes 

 

Intra-operative blood loss was reported in one study and the preconditioned group demonstrated a trend 

towards increased mean intra-operative blood loss (4661 vs. 3686 ml) [334].  Peri-operative blood product 

transfusion was reported in three studies and no difference in average amount of transfusion was observed 

between the two groups [348, 354, 355].  The duration of ICU stay was reported in all four studies with a 

mean of 11.9 and 10.3 days in the IPC and control group, respectively.  One study observed a significantly 

shorter ICU admission in the IPC group [334], while two studies observed no difference [348, 354] and 

the remaining study observed a trend towards an increased duration of ICU stay [355].  The duration of 

hospital stay was reported in two studies with a mean of 38 and 31 days in the IPC and control group, 

respectively.  One study observed no difference [348], whereas one study demonstrated a trend towards 

increased duration of hospital stay in the IPC group [355].  Post-operative complications were reported in 

two studies and no difference was observed between the IPC (28%) and control (22%) group [348, 355].   

 

Post-operative graft dysfunction was reported as IPF or PNF in two studies.  Both studies observed no 

difference in rates of PNF between IPC (0) and non-IPC (1.5%) groups [354, 355].  One study observed 

increased rates of IPF in the IPC group (33% vs. 13%) [355] whereas the remaining study showed a trend 

towards increased IPF in the IPC group (11% vs. 0) [354].  Three studies described the incidence of acute 

rejection and it was lower in the IPC group (19% vs. 36%), but was not statistically significant in all 

studies [334, 348, 355].  Only one study described the incidence of chronic rejection and there was a trend 

towards a decreased incidence of it in the IPC group (8% vs. 38%) [348].  Graft survival was reported in 

one study with similar 1-year outcome between IPC (89%) and non-IPC liver grafts (90%) [354].  Patient 

survival was reported in two studies and demonstrated no difference in 1-year patient survival between the 

IPC (94%) and non-IPC (96%) groups [354, 355]. 
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7.3.3.5 Conclusion  

 

In non-randomized studies of IPC in OLT, the use of IPC was associated with lower increase of liver 

transaminases and decreased histological injury but had similar levels of post-operative bilirubin and 

coagulation profile as non-preconditioned liver grafts.  Despite decreased biochemical and histological 

injury markers in the IPC group, preconditioned liver grafts had similar peri-operative outcome as non-

preconditioned liver grafts.  IPC was associated with a trend towards decreased rates of acute and chronic 

rejection but paradoxically, there was a trend towards increased rates of IPF compared to non-

preconditioned liver grafts. 

 

 

7.3.4 Studies of ischemic preconditioning in living-related liver transplantation (Table 37) 

 

Two prospective non-randomized studies reported the effect of IPC in 32 LRLT recipients and 32-

matched recipients of non-preconditioned liver graft.  Both studies used 10+10 as the IPC protocol.  The 

mean total ischemic time ranged from 120 to 155 minutes.  Outcome measures reported included graft 

survival (n=2), patient survival (n=2), morbidity (n=2), hospital stay (n=2), ICU stay (n= 1), histology 

(n=1) and LFT (n=2).  Histological assessment of IRI was based on presence of >10% hepatocyte 

necrosis.  All outcome measures were observed to be similar between recipients of IPC and non-IPC liver 

grafts [356, 357]. 

 

 

7.3.5 Randomized control trials of ischemic preconditioning in orthotopic liver transplantation (Table 

38) 

 

7.3.5.1 Study descriptions 

 

Six RCT reported the effect of IPC in 206 liver transplant recipients while 194 received a non-

preconditioned liver graft.  The type of donor was reported as donation after brain death in all cases.  

Three studies used 10 minute of ischemia with a reperfusion phase up to 30 minutes as IPC, while one 

study used 10+10 and one used 10+15 IPC.  The remaining study used 5 minutes of ischemia with 

continuous reperfusion up to the time of portal triad clamping (Table 38).  The mean total ischemic time 
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ranged from 376 to 580 minutes.  Outcomes reported included graft survival (n=5), patient survival (n=4), 

morbidity (n=6), hospital stay (n=4), ICU stay (n=1), histology (n=4) and LFT (n=6). 

 

 

7.3.5.2 Biochemistry and histology 

 

Post-transplantation LFTs were reported in all six studies.  Peak ALT in the IPC group was 524 IU/L, 

compared to 691 IU/L in the control group.  Two of the five studies reported decreased ALT [352, 359], 

whereas two studies reported increased ALT in the IPC group [349, 351] and the remaining study 

observed no difference [358].  Peak AST was also observed to be lower in recipients of preconditioned 

liver grafts (639 vs. 960 IU/L) but this finding was observed in three studies [347, 352, 359] and two 

studies observed increased AST in the IPC group [349, 351] while the remaining study observed no 

difference [358].  Peak total bilirubin levels were described in all six studies and there was no difference 

between the groups.  There was also no difference in INR and PT levels between the groups in all six 

studies.  Post-reperfusion histology was reported in four studies with variable histological assessment 

criteria for IRI between the studies.  Three studies had similar findings between the groups [349, 351, 359] 

while one study observed decreased hepatocyte swelling in the IPC group [358]. 

 

 

7.3.5.3 Operative and peri-operative outcomes 

 

Intraoperative blood loss was reported in one study and there was no difference between the groups [359].  

Peri-operative blood product transfusion was observed to be similar between the IPC and control group in 

five studies.  The duration of ICU stay was reported in one study and the IPC group had a similar mean 

ICU stay of 6.8 days compared to 6.7 days in the control group [359].  The duration of hospital stay was 

reported in four of six studies with a mean of 13.2 and 15.1 days in the IPC and non-IPC group, 

respectively.  All four studies showed no difference between the two groups.  Post-operative complication 

was reported in one study with a trend towards decreased rate of complications in the IPC group (12 vs. 

22%) [359]. 

 

IPF was reported in two studies and both observed no difference in rates of IPF between the IPC (10%) 

and non-IPC (13%) group.  Five studies reported on rates of PNF and observed no difference between the 

IPC (2%) and non-IPC (3%) group in four studies.  The remaining study observed a trend towards 
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decreased rate of PNF in the IPC group [359].  Incidence of acute rejection was reported in four studies 

with a rate of 20.8% and 20.9% in the IPC and non-IPC group, respectively.  Three of the four studies 

observed no difference while one study observed a trend towards decreased rate of moderate-severe acute 

rejection in the IPC group [351].  Graft survival was reported in five studies with 6-month, 1-year and 2-

year rates of 93%, 91%, 78% in the IPC group and 89%, 82%, 74% in the non-IPC group, respectively.  

Patient survival was reported in four studies with 6-month, 1-year and 2-year rates of 91%, 100%, 85% in 

the IPC group and 82%, 92%, 76% in the non-IPC group, respectively.  There was no difference in graft 

or patient survival between the two groups. 

 

 

7.3.5.4 Conclusion 

 

In RCTs of IPC in OLT, the use of IPC had variable results in LFT measurements but there was no effect 

on bilirubin, coagulation profile or histological findings.  Consistent with biochemical and histological 

findings, there was no significant difference in operative or peri-operative outcome between 

preconditioned and non-preconditioned liver grafts. 

 

 

7.3.6 Non-randomized studies of ischemic preconditioning in liver resection (Table 39) 

 

7.3.6.1 Study descriptions 

 

Six non-randomized studies reported the impact of IPC in 125 patients that underwent liver resection 

compared to 122 patients that did not receive IPC.  Five studies excluded liver cirrhosis in their study 

population and the remaining study exclusively investigated the impact of IPC in cirrhotic patients [364].  

Four studies used 10+10 IPC, while one study used 10+15 and the remaining study used 5 minute of 

ischemia and 5 minute of reperfusion (5+5).  Five studies utilized Pringle maneuver and the remaining 

study used total vascular exclusion (Table 39).  The mean warm ischemic time ranged from 18 to 45 

minutes.  Outcomes reported included patient mortality (n=4), morbidity (n=6), hospital stay (n=5), ICU 

stay (n=4), histology (n=1) and LFT (n=6). 
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7.3.6.2 Biochemistry and histology 

 

Post-operative LFTs were reported in all six studies.  Peak ALT was reported in five studies with mean 

levels of 244 IU/L in the IPC group compared to 413 IU/L in the non-IPC group.  Four of the five studies 

observed significantly lower peak ALT levels in the IPC group and the remaining study observed no 

difference between the groups [361].  Peak AST was reported in all studies with mean levels of 223 and 

502 IU/L in the IPC and non-IPC group, respectively.  Five studies reported significantly lower peak AST 

levels in the IPC group and the remaining study observed no difference in AST levels between the group 

[361].  Coagulation profile was reported in four studies and there were no significant difference between 

the groups.  Total bilirubin was reported in four studies and was observed to be lower in only one study 

[364] whereas three studies did not observe any difference between the groups.  Post-reperfusion 

histological necrosis was demonstrated to be significantly lower in patients with prior IPC in one study 

[361]. 

 

 

7.3.6.3 Operative and peri-operative outcomes 

 

Intra-operative blood loss was reported in four studies and there were no difference between the groups.  

Blood product transfusion was reported in three studies and was observed to be significantly lower in the 

IPC group in one study [20] whereas two studies did not observe any difference [360, 363].  The duration 

of ICU stay was described in four studies and the IPC group had a similar mean ICU stay compared to the 

control group in all studies (1.6 vs. 2 days).  Duration of hospital stay was reported in five studies with a 

mean of 11.8 and 13.7 days in the IPC and non-IPC group, respectively.  Four studies found no difference 

between the group and one study reported decreased hospital stay in the IPC group [364].  Post-operative 

complications were reported in four studies and three studies found no significant difference between the 

groups, whereas one study observed significantly lower rates of major complications in the IPC group 

[20].  There was no peri-operative mortality in all six studies. 

 

 

7.3.6.4 Conclusion 

 

In non-randomized studies of IPC in liver resection, IPC was associated with attenuation of liver injury as 

measured by liver transaminases and histology but there was no effect on post-operative bilirubin and 
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coagulation profile.  Despite biochemical and histological improvement, IPC had no effect on peri-

operative outcomes.   

 

 

7.3.7 Randomized control trials of ischemic preconditioning in liver resection (Table 40) 

 

7.3.7.1 Study descriptions 

 

Six RCT reported the impact of IPC in 207 patients that underwent liver resection, with 209 patients that 

did not receive IPC.  All six studies excluded liver cirrhosis in their study population.  Five studies used 

10+10 minute IPC and the remaining study used 10+15 minute IPC.  Two studies used total vascular 

exclusion or intermittent portal triad clamping, whereas two studies used continuous Pringle maneuver.  

The mean warm ischemic time ranged from 34 to 49 minutes.  Outcomes reported included patient 

mortality (n=5), morbidity (n=6), hospital stay (n=5), ICU stay (n=5) and LFT (n=6). 

 

 

7.3.7.2 Biochemistry 

 

Post-operative peak ALT was reported in five studies.  Two studies found no difference in peak ALT 

levels between the groups [366, 367] whereas one study observed a trend towards increased ALT [350] 

and another observed a trend towards decreased ALT in the IPC group [368].  The remaining study 

reported significantly lower peak ALT in the IPC group [333].  Peak AST was reported in four studies.  

Two studies observed significantly lower levels of AST in the IPC group [333, 365] and one observed 

similar levels between the two groups [366], whereas the remaining study reported a trend towards 

increased AST in the IPC group [350].  Post-operative coagulation profile and total bilirubin were 

reported in five and six studies, respectively.  All studies reported no significant difference in post-

operative coagulation profile or total bilirubin between the two groups.   

 

 

7.3.7.3 Operative and peri-operative outcomes 

 

Intra-operative blood loss was reported in all six studies with mean IOBL of 691 and 729 ml in the IPC 

and non-IPC group, respectively.  Five studies reported no difference between the groups and one study 
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observed significantly lower blood loss in the IPC group [368].  Peri-operative blood product transfusion 

was reported in six studies.  Consistent with the findings of intra-operative blood loss, five studies 

observed no significant difference in blood product transfusion and one study observed a significantly 

lower amount of peri-operative transfusion in the IPC group [368].  The duration of ICU admission was 

reported in five studies with a mean of 2 and 2.5 days in the IPC and non-IPC group, respectively.  Four 

studies observed no difference in ICU admission between the groups and one study observed a trend 

towards a decreased duration of ICU admission in the IPC group [350].  Hospital stay was also reported in 

five studies with a mean of 12.2 and 12.4 days in the IPC and non-IPC group, respectively.  Four studies 

reported no difference between the two groups whereas one study observed a trend towards decreased 

hospital stay in the IPC group [350].  Post-operative complications were reported in all six studies and 

mean total complication rates were 40% in the IPC group and 48.9% in the non-IPC group.  Five studies 

reported no difference in post-operative complications between the groups and the remaining study 

observed a significantly lower rate of complications in the IPC group (20% vs. 45%) [368].  Peri-operative 

mortality was reported in all six studies with a mean peri-operative mortality of 1.4% and 1.9% in the IPC 

and non-IPC group, respectively.  All studies reported no difference in rates of peri-operative mortality 

and three studies had no peri-operative mortality [333, 365, 366]. 

 

 

7.3.7.4 Conclusion 

 

In RCTs of IPC in liver resection, there was no significant difference in all outcome measures between the 

IPC and non-IPC groups.  There were variable results in measurements of liver transaminases but other 

biochemical and peri-operative outcomes were more consistent in demonstrating no difference between 

the two groups. 

 

 

7.3.8 Impact of ischemic preconditioning on outcome of steatotic livers in orthotopic liver 

transplantation (Table 41) 

 

7.3.8.1 Study descriptions 

 

Ten of the 12 studies documented outcomes in 201 recipients of steatotic donor liver grafts and 99 of the 

201 recipients received a preconditioned steatotic liver.  From these 201 recipients, a total of 54 recipients 
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from three studies were analyzed as a subgroup with 25 and 29 recipients in the IPC and control group, 

respectively [348, 349, 358].  Two studies were a RCT and one was a retrospective study (Table 41).  One 

study categorized the presence of any steatosis to the steatotic group  [348] whereas the degree of steatosis 

were categorized as >15% MaS in one study [358] and there was no documentation of the severity of 

steatosis in the remaining study [349].  The type of steatosis was reported in all studies, with two 

documenting MaS and the remaining study had a predominance of mixed hepatic steatosis [348].  All 

studies were of recipients of deceased after brain death liver grafts.  The protocol of IPC was 10+10 in one 

study [348] and 10+30 minute in another study [358] while the remaining study performed IPC 

immediately after laparotomy [349].  The mean total ischemic time in these studies ranged from 437 to 

518 minutes.  Outcome measures reported included LFT (n=3), histology (n=1), morbidity (n=1), ICU 

(n=1), hospital stay (n=1) and graft survival (n=1). 

 

 

7.3.8.2 Biochemistry, histology and peri-operative outcomes 

 

Post-operative peak ALT and AST was described in three [348, 349, 358] and two [348, 358] studies, 

respectively.  One study described significantly higher levels of ALT in the IPC group [349] whereas two 

studies observed no difference in ALT levels between the groups.  Peak AST levels was observed to be 

significantly lower in the IPC group in one study [358], whereas one study observed no difference [348].  

Coagulation profile and total bilirubin were reported in two studies and both studies observed no 

significant difference between the groups [348, 358].  Histological necrosis was reported in one study with 

decreased necrosis in the IPC group [348].  Clinical outcome (hospital stay, ICU, morbidity and peri-

operative transfusion) were similar between the groups [348].  There was no difference in 6-month graft 

survival [358] but preconditioned steatotic liver grafts were associated with decreased rates of acute and 

chronic rejection [348].     

 

 

7.3.8.3 Conclusion 

 

In studies of effect of IPC on steatotic livers in OLT, there was a lack of accurate description of severity 

of hepatic steatosis but this may be due to small numbers of liver grafts with hepatic steatosis in the 

studies.  Preconditioned steatotic livers may be associated with lower histological injury and rates of 
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rejection but there was no difference in biochemical or other clinical outcome measures between the two 

groups. 

 

 

7.3.9 Impact of ischemic preconditioning on outcome of steatotic livers in liver resection (Table 42) 

 

7.3.9.1 Study descriptions 

 

Seven of the 12 studies documented outcomes in 104 patients with hepatic steatosis that underwent liver 

resection.  From these 104 patients, a total of 29 patients from three studies were analyzed as a subgroup 

with 16 and 13 patients in the IPC and non-IPC group, respectively [20, 333, 365].  Two studies were a 

RCT and one was a prospective non-randomized study [20].  The subgroups were <30 or >30% steatosis 

but the type of steatosis was not described in all three studies.  The protocol of IPC was 10+10 prior to 

continuous Pringle maneuver in two studies [20, 333] and 10+15 prior to total vascular exclusion in one 

study [365].  Mean warm ischemic time ranged from 30 to 42 minutes.  Post-operative levels of ALT and 

AST were compared in one and three studies, respectively.  IPC was associated with lower levels of ALT 

[20] and AST [20, 333, 365] in steatotic livers.  No other outcome measures were compared. 

 

 

7.3.9.2 Conclusion 

 

There were only small numbers of patients with hepatic steatosis in studies investigating IPC in liver 

resection and there was a lack of description of the type of steatosis.  Preconditioning was associated with 

a decrease in transaminases but there were no other outcome measures described. 
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7.4 Discussion 

 

IRI is a multifactorial process that plays a major role in liver damage during liver surgery (Chapter 2-4).  

Although there are no current therapeutic options to prevent IRI [15], multiple protective strategies have 

been proposed and one strategy routinely used in clinical practice is IPC.  IPC conferred protection against 

subsequent IRI [17] and was first reported in clinical practice by Clavien et al [20], who then proposed 

that IPC may protect steatotic livers from IRI.  As steatotic livers are more susceptible to IRI (Chapter 3-

5), IPC could provide an attractive and simple strategy to attenuate the impact of IRI.  Multiple clinical 

studies over the last decade have presented conflicting results of the effects of IPC in liver resection and 

OLT [336, 337].  The evidence from this review suggests that while IPC appears to confer a protective 

effect in decreasing signs of hepatocellular damage (decreased transaminases); however this does not 

translate to significant clinical benefit as measured by hospital stay, complication rates or survival. 

 

The studies referred to in this review have used various duration of IPC with the majority of studies 

utilizing 10 minutes of ischemia in their IPC protocol except for two studies [349, 364].  However, the 

reperfusion phase of the IPC varied from 10-39 minutes in studies of OLT while studies of liver resection 

were more consistent (10-15 minutes).  Despite the variability in IPC protocol, Glanemann et al. 

demonstrated that 30-45 minutes of reperfusion were more effective than 5-15 minutes in an experimental 

warm ischemia setting [176].  Additionally, the expected clinical variability in the duration of ischemia in 

the studies combined with the various IPC protocol may potentially be contributing to the discrepancy of 

results seen.  Future studies should standardize the protocol of IPC to minimize inter-study variability and 

allow improved comparison between studies.   

 

While IPC associates with decreased serum transaminase post-transplant and liver resection, this finding is 

inconsistent.  In OLT, the decrease in hepatocellular injury was not associated with improved liver 

synthetic function or histological findings as one would expect.  Similarly, the discrepancy of findings in 

studies of liver resection may be due to the different mechanism in the methods of vascular control used.  

Furthermore, the improvement in hepatocellular injury was not associated with an improvement in 

morbidity or mortality in studies of liver transplantation and resection.  A recent review suggested that the 

benefit of IPC is proportional to the severity of IRI [346].  This may explain the discrepancy between 

improvement of LFT and not an improvement in clinical outcome.  The majority of patients in clinical 

studies of IPC in liver resection were subjected to short warm ischemia, which is not considered a severe 

or lethal injury.  Similarly, a large study of liver transplant has shown that the majority of post-transplant 
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recipients have mild reperfusion injury [371].  It is possible that the low rates of morbidity and PNF in 

studies of liver resection and transplant, respectively, coupled with relatively small patient numbers meant 

that the studies were insufficiently powered to detect differences with respect to clinical outcomes unless a 

large number of patients were enrolled [337].  Future studies of IPC should include high risk patients for 

liver resection (hepatic steatosis or cirrhosis) and liver transplant (high donor risk index [7]) to allow us to 

further delineate which patient group may best benefit from IPC. 

 

There have been only two studies of IPC in LRLT published in the literature thus far [356, 357].  There is 

a need to consider the unique setting of LRLT with short ischemic time and healthier donors who have no 

underlying liver disease compared to deceased after brain death liver transplant.  These liver grafts would 

be categorized as low donor risk index grafts [7] and would be associated with low adverse outcomes.  

IPC in this setting was not associated with any beneficial effect but importantly, IPC was not associated 

with adverse outcomes in recipients.  Donor safety and sufficient graft function are both paramount in 

LRLT, and IPC may not be appropriate for use in LRLT [356]. 

 

The deleterious effects of IRI on steatotic livers have been documented experimentally (Chapter 3) and 

clinically (Chapter 4).  The impact of IPC on steatotic livers have also been documented experimentally 

(Chapter 5), but data from clinical studies remain scarce.  The first study to describe the impact of IPC on 

outcome in patients with hepatic steatosis was in 2000 [20].  Since then, five other studies have performed 

subgroup analysis of the impact of IPC on patients with hepatic steatosis in OLT [348, 349, 358] and liver 

resection [333, 365].  While these studies have shown a potential beneficial effect of IPC in patients with 

hepatic steatosis, outcomes were available for only a small number of patients.  In the studies of OLT, one 

study performed a subgroup analysis on marginal donors defined as age >65 years and/or presence of 

>15% MaS [358], whereas one study did not describe the severity of steatosis [349].  As age is an 

important factor in the effect of IPC [333, 346], age may have also played a role in the study outcome 

[358].  In the studies of liver resection, the type of steatosis was not documented and this may have 

confounded the results as the beneficial effect of IPC may potentially be greater in MiS [104].  Future 

studies of hepatic steatosis will require definite description of type and severity of steatosis to allow 

comparison between studies.  Additionally, large number of patients will be required to provide statistical 

robustness in determining the efficacy of IPC in steatotic livers. 
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Currently, there is no strong evidence to support or refute the routine use of IPC in both liver resection and 

liver transplant.  However, there needs to be further research into the effect of IPC in certain population 

subgroups that were routinely excluded from clinical studies such as patients with liver disease (such as 

hepatic steatosis or cirrhosis), previous liver resection or hepatic chemo-embolisation/radiofrequency 

ablation.  There has been only one prospective non-randomized study of IPC in patients with cirrhosis 

[364] and showed that IPC may potentially be beneficial in this patient population.  There has been no 

further publication to replicate the findings of that study.  As patients with underlying liver disease are 

more susceptible to IRI [63], it is important to find strategies to attenuate liver injury in this group of 

patients to improve outcome and patient safety.  Similarly, patients with previous liver resection or hepatic 

chemo-embolisation/radiofrequency ablation also require further investigations on the efficacy of IPC in 

this patient population.  Furthermore, outcome measures (both laboratory and clinical) should be 

standardized between studies to facilitate comparison.  To further delineate which subgroup of patients 

will benefit from IPC, a multi-centre prospective randomized trial is likely to be required.  This is 

particularly important for patients with hepatic steatosis as there will be an ever-increasing incidence of 

hepatic steatosis encountered by liver surgeons [42]. 

 

 

7.5 Summary 

 

This review has demonstrated that IPC decreases hepatocellular damage in liver surgery as determined by 

transaminases, but this does not translate to any significant clinical benefit.  Importantly, findings from 

non-randomized studies were consistent with findings from randomized trials in both OLT and liver 

resection, suggesting that the results were not biased by non-randomization of patients.  In the subgroup 

analysis of patients with hepatic steatosis and undergoing either liver resection or OLT, IPC appears to 

decrease hepatocellular damage but does not appear to have a clinical benefit.  Based on this review, there 

is no indication for routine use of IPC in liver surgery as there is no significant benefit demonstrated for 

patients undergoing liver surgery.  However, further studies of which patients would most benefit from 

IPC are warranted. 
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Chapter 8   

Materials and methods 

 

 

Materials and methods common to the experimental work in this thesis are described in this chapter.  The 

methodology for individual studies is included within the relevant chapters.  The formulae for the buffers 

used are listed in the Appendix. 

 

 

8.1 Tissue preparation for mitochondrial respiration assay 

 

After procurement of liver samples, samples were prepared for mitochondrial respiration assay in the 

Oroboros oxygraph (Section 2.10.3).  The following section discusses both methods of preparation used in 

our experiments. 

 

 

8.1.1 Mechanical tissue permeabilisation 

 

The liver sample was placed into a small petri dish containing mitochondria respiration media (MiRO5, 

Section 16.1) on ice.  The sample was then mechanically permeabilized into 0.1-0.2 mm3 pieces with two 

pairs of forceps before analysis as adapted from methods described by Kuznetsov et al [158]. 

 

 

8.1.2 Tissue homogenization 

 

Liver sample (20-30mg) was placed in a 2-ml flat-bottom scintillation vial (BD Bioscience, Franklin 

Lakes, New Jersey, USA) with 500 µl of ice-cold MiRO5.  The sample was homogenized for 5 seconds 

with an Omni TH homogenizer (Omni International, Kennesaw, Georgia, USA) before analysis. 
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8.2 Mitochondrial respiration assay 

 

Mitochondrial respiration was measured in 2-mL chambers using an Oroboros Oxygraph 2K (Innsbruck, 

Austria), at 37°C in MiRO5 respiration media, with a calculated saturated oxygen concentration of 190 

nmol O2 per mL at 100 kPa barometric pressure.  Oxygen flux (pmol O2.s
-1) was calculated as the time 

derivate of oxygen concentration using the DatLab 5 analysis software.  Oxygen flux was normalized to 

either tissue wet-weight (mg) or CS activity as determined by an enzymatic assay (Section 8.3.3).   

 

A multiple substrate-inhibitor titration protocol was used to explore relative contributions of CI, CII and 

CI+CII in the ETS [372].  Respiration states were defined where LEAK respiration is the flux measured 

before addition of ADP, and OXPHOS is the flux after addition of ADP [165, 373].  The following 

section will discuss the various substrate-inhibitor protocols used in our experiments. 

 

 

8.2.1 Investigating total electron transport system capacity 

 

The assay was started with addition of CI substrates: glutamate (10 mM final concentration), malate (5 

mM) and pyruvate (10 mM) [LEAKCI] followed by ADP (1.25 mM) [OXPHOS-CI].  10 mM succinate 

was then added, activating CI and CII simultaneously and driving parallel electron input into the ETS 

(OXPHOS-CI,CII).  Oligomycin (2.5 μM) was added to inhibit ATP synthase to assess CI + CII leak 

(LEAKOli).  Three incremental additions of FCCP (final concentration 1.5 μM) were made to uncouple 

respiration as an estimate of maximal ETS capacity.  The CI inhibitor rotenone (1 μM) was added to 

isolate flux to CII [(CII(Rot)].  Malonate (15 mM) and antimycin A (5 μM) were added, and the artificial 

electron donor systems of TMPD (0.5 mM) with ascorbate (2 mM) were added to assay CCO.  Correction 

was applied on the flux by the automatic instrumental background correction in DatLab.  The integrity of 

tissue preparations and comparison of coupling efficiencies were made from the RCR (OXPHOS/LEAK). 

 

 

8.2.2 Function of individual complexes within electron transport system 

 

This protocol was derived to measure the function of individual complexes separately compared to the 

combined analysis of Complex I & 2 function in Section 8.2.2.  The assay was started with the addition of 

CI substrates: glutamate (10 mM final concentration), malate (5 mM) and pyruvate (10 mM) followed by 
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ADP (1.25 mM).  Rotenone (1 μM) was added to allow isolation of flux through CII.  10 mM succinate 

was then added, thereby activating CII.  Oligomycin (2.5 μM) was added to inhibit ATP synthase and 

assess CII leak.  Incremental additions of FCCP (final concentration 1.5 μM) were used to measure ETS 

capacity.  Antimycin A (5 μM) were added.  Comparison of coupling efficiencies were made from RCR. 

 

 

8.2.3 Mitochondrial membrane potential measurement 

 

MMP was measured simultaneously with the mitochondrial flux assessment using purpose-built 

fluorospectrometers that used the viewing window of the oxygraph.  The fluorospectrometers utilised 

green light-emitting diodes (520 nm) immediately juxtaposed to the chamber window.  Excitation light 

was detected using Vishay PN silicon photodiodes (BPW21R) covered with long pass light filters (590 

nm).  The photodiode voltage generated from the chamber fluorescence detectors was stabilized by a 

loading 20 mOhm resistor and a simple low pass filter.  The resulting signal was then fed into the O2K pX 

meter, normally used for ion sensitive electrodes or pH probes.  This amplified and integrated the MMP 

signal with oxygen concentration and flux signals in DatLab 5.1 (Figure 9).   

 

Calibration of the safranin-O (5 μM final concentration; Sigma-Aldrich, St. Louis, MO, USA) signal to 

mV is normally performed by titrating in potassium chloride after the addition of the potassium ionophore, 

valinomycin [374].  However, this requires a potassium-free buffer and the MiRO5 contains high levels of 

potassium (70 mM) designed to optimise MF.  Therefore, this method could not be used in our study.  The 

Nernst equation was applied to estimate MMP due to safranin-O’s property as a cationic dye that 

distributes across the mitochondrial membrane.  The safranin-O fluorescence signal was calibrated to a 

known concentration and the amount taken up into the mitochondrial matrix was quantified by change in 

fluorescence relative to the FCCP signal (0 mM in the matrix).   

 

The membrane potential was calculated as follows: Using the known amount of Safranin-O taken up into 

the matrix, and assuming the volume of mitochondrial matrix to be 2 µl/mg [375], the concentration on 

either side of the membrane (Cin and Cout) was calculated to estimate the potential using the Nernst 

equation [1], where R is the gas constant, F is the Faraday constant, T is temperature in Kelvin and Z is 

the valance of the ion [376]. 

 

Nernst equation ∆Ψ = (RT/ZF)In(Cin/Cout)    [1] 
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It should be noted that the Nernst equation is only an estimate of the MMP.  It does not take into account 

binding of the dye to mitochondrial surfaces that is independent of MMP [376].  However, it appears to be 

minimal with safranin-O, as fluorescence returns to almost baseline levels following the complete 

uncoupling of the MMP with FCCP.  Based on this, I calibrated the fluorospectrometer signals following 

the addition of ADP (OXPHOS-CI; maximal repolarisation) and FCCP (ETS; uncoupled state) as 100 and 

0, respectively.  This permitted simultaneous comparisons of MMP status with the different respiration 

states induced within each sample. 
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Figure 9 Mitochondrial membrane potential trace 

 

 

A typical oxygraph and MMP trace obtained using rat liver homogenate.  The light blue line indicates oxygen concentration while 

red line in the upper trace indicates oxygen flux and dark blue line in the lower trace indicates Safranin-O fluorescence.  Arrows 

show the addition of sample, CI supporting substrates (GMP, LEAKCI) followed by addition of ADP (OXPHOS-CI) then rotenone 

(CI inhibitor).  Succinate (Succ) was added to assess CII respiration (OXPHOS-CII) before addition of oligomycin (oli, LEAKCII), 

ATPase inhibitor.  FCCP was then added to assess ETS capacity.  
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8.3 Biochemical analysis 

 

The following section will discuss the common biochemical analysis used in our experiments. 

 

8.3.1 Enzymatic adenosine diphosphate and adenosine triphosphate assay 

 

Hepatic ADP and ATP levels were measured in tissue homogenates using NADH-coupled assays and 

followed at 340 nm [377].  Frozen liver samples were homogenized in 0.3 ml of 3M perchloric acid 

followed by addition of 1.25 ml of 1 mM ethylenediaminetetraacetic acid (EDTA) and mixed for 5-10 

minutes at 4°C before centrifugation at 20,000 g for 1 minute at 4°C.  One ml of supernatant was then 

mixed with 330 µl of 2M KHCO3 and 75-100 µl of 1M Tris-HCl (pH 9.0) added to neutralize the pH. 

 

For ADP analysis, 75 µl of sample supernatant was added with 125 µl of assay reagent (Section 16.2).  

The endpoint reaction continued until NADH oxidation ceased.  For ATP analysis, 10 µl of sample 

supernatant was added to 190 µl of assay reagent (Section 16.3) to a total volume of 200 µl.  Both assay 

reactions were run to completion using a 96-well format in a SpectraMax 340 plate reader (Molecular 

Devices, Sunnyvale, CA, USA) and as the amount of NADH was stoichiometric, ADP and ATP contents 

were determined per mg of protein. 

 

 

8.3.2 Complex I and Complex II activities 

 

CI and CII enzyme activities were determined from frozen liver samples to compare to the respirational 

flux data.  CI activity was measured by following the decrease in absorbance due to oxidation of NADH 

in the presence and absence of rotenone at 340 nm [378].  CII activity was measured by following the 

decrease in absorbance due to oxidation of dichlorophenolindophenol (DCPIP) at 600 nm [378].  Liver 

samples were homogenized in a 1:10 (wt/vol) ice-cold buffer (Section 16.4.1).  Homogenates were 

centrifuged at 600 g (2300 RPM) at 4°C for 10 minutes and the supernatant used for analysis.  CI and CII 

activity were determined as the rotenone-sensitive NADH:ubiquinone oxidoreductase (Section 16.5) and 

succinate:ubiquinone oxidoreductase activity (Section 16.6), respectively.  Assays were conducted using a 

96-well format in a SpectraMax 340 plate reader and normalized to total protein content. 
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8.3.3 Citrate synthase activity 

 

CS activity was measured as a surrogate for mitochondrial mass [312].  Frozen (-80°c) tissues were 

thawed, minced, weighed and homogenized in 1:10 (wt/vol) ice-cold buffer (Section 16.7). Homogenates 

were centrifuged at 200,000 g at 4°C for 10 minutes and the supernatant removed for analysis of CS.  CS 

activities were determined as described by Srere [379] and modified to microtitre-plate format [380].  Five 

µl of sample was added to 180 µl of assay reagent (Section 16.7.1).  Twenty µl of 5 mM oxaloacetate was 

then added to start the reaction.  The assay follows the appearance of CoA-SH at 412 nm as acetyl CoA 

reacts with oxaloacetate under the catalyzation of CS. 

 

 

8.3.4 Lactate dehydrogenase assay 

 

LDH was measured in liver homogenates to provide a measure of the anaerobic capacity for ATP 

synthesis.  Frozen (-80°c) tissues were thawed, minced, weighed and homogenized in 1:10 (wt/vol) ice-

cold buffer (Section 16.7).  Homogenates were centrifuged at 200,000 g at 4°C for 10 minutes and the 

supernatant removed for analysis of LDH.  Five µl of sample was added to 200 µl of assay reagent 

(Section 16.7.2).  The assay followed the oxidation of NADH at 340 nm as the pyruvate was reduced to 

lactate [381].  

 

 

8.3.5 Biuret assay for protein quantification 

 

The amount of protein in liver homogenates was measured by the Biuret test [382].  The Biuret test is used 

to detect presence of peptide bonds for quantification of protein concentration based on the intensity of the 

violet color from formation of a chemical co-ordination complex.  The intensity or absorption of the 

complex can be measured at 540 nm.  Ten µl of liver homogenate was added to 200 µl of Biuret solution 

(Section 16.8).  The sample was left at room temperature for 15 minutes and analyzed using a 96-well 

format in a SpectraMax 340 plate reader at 540 nm.  The amount of protein was calculated with the 

following formula (µg of protein per 10 µl sample):  

 

[(Sample reading – Blank)*100/(BSA reading – Blank)].   

Where standard bovine serum albumin (BSA) was made at 10 mg/ml. 
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8.4 Blood glucose measurement 

 

Blood glucose (BG) was measured (Accu-chek, Roche Diagnostics NZ Ltd, Auckland, New Zealand) on 

blood from a tail stab with a sterile 23-gauge needle.   

 

 

8.5 Glucose tolerance test and insulin tolerance test 

 

Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed after 12-13 hour fasting (at 

least 24 hours before tissue collection).  After intra-peritoneal (ip) administration of glucose (2 mg/g; 50% 

dextrose, Biomed Ltd., Auckland, New Zealand) or insulin (0.75 mU/g; Actrapid, Novo Nordisk 

Pharmaceuticals Ltd., Auckland, New Zealand), tail BG (Section 8.4) was collected at various time-points 

up to 120 minutes. 

 

 

8.6 Histology slide preparation 

 

Histological slides were prepared by Ms. Jennifer Chen (Histology technician, Maurice Wilkins Centre, 

University of Auckland, Auckland, NZ) according to the following protocols. 

 

 

8.6.1 Hematoxylin and eosin staining 

 

Fresh liver samples were fixed in 10% neutral-buffered formalin (NBF), embedded in paraffin and 

sectioned at 4 μm prior to staining.  The staining process was based on Gill’s hematoxylin & eosin (H&E) 

staining method [383] (Section 16.9). 

 

 

8.6.2 Oil red O staining 

 

Fresh liver samples were fixed in OCT compound (Tissue-Tek®, Sakura Finetek Co., Tokyo, Japan) and 

sectioned at 10 μm prior to Oil Red O (ORO) staining [383] (Section 16.10). 
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8.6.3 Grading of hepatic steatosis 

 

Grading of histological hepatic steatosis was based on a published clinical grading system [60] based on 

the percentage of hepatocytes with fatty infiltration. 

 

 

8.7 Liver function tests 

 

Severity of hepatocellular injury was monitored by measurement of serum ALT by the International 

Federation of Clinical Chemistry-approved in vitro enzymatic colorimetric absorption on a Roche Cobas 

8000 modular analyzer (c702 module).  The assay was contracted to LabPlus, Auckland District Health 

Board, Auckland, New Zealand. 

 

 

8.8 Statistical and data analysis 

 

All data presented were expressed as mean ± SEM.  Statistical analyses were performed using GraphPad 

Prism version 5.0 (GraphPad Software, San Diego, CA) for unpaired t-tests and two-way ANOVA; and 

SAS version 9.0 (SAS institute, Cary, NC) for repeated measures analysis using restricted maximum 

likelihood.  Statistical tests were set at a 5% significance level (two-sided).  Difference in outcome 

measure between the groups of interest was tested using the analysis of covariance regression, adjusting 

for the baseline value, bodyweight and BG measured before the procedures as appropriate.  Repeated 

measures mixed model was used to evaluate the treatment differences at different time points, controlling 

for the correlation of data collected on the same animal.  p<0.05 was considered statistically significant. 
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Chapter 9   

Experimental models of hepatic steatosis, ischemia-reperfusion injury and ischemic 

preconditioning 

 

 

9.1 Introduction 

 

Animal models of hepatic steatosis can provide critical information about the pathophysiology of this 

condition.  They also allow scientific concepts of liver surgery to be tested in vivo.  However, no single 

animal model has been able to encompass the full spectrum of the human disease process and there has been 

on-going debate surrounding the selection of an appropriate animal model that best mimics human hepatic 

steatosis [184].  This had led to the development of several different methods to induce hepatic steatosis in 

animals [214].  These methods are categorised as genetic or environmental induction (dietary, drugs or 

toxins) models.  The most commonly used animal models of hepatic steatosis are the in-bred rodents.  Large 

outbred animal models, such as pigs, dogs and non-human primates, offer some advantages over rodent 

models including closer similarity to human pathophysiology and longer life span, but are expensive. 

 

Animal models of hepatic steatosis have also been used extensively to investigate the underlying 

mechanisms of IRI in the presence of hepatic steatosis [5, 63, 85].  These models allowed the investigation 

of complex biological processes in IRI along with potential treatment options to ameliorate the impact of 

hepatic steatosis.  However, the selection of animal model has been largely individualised to each particular 

laboratory.  Most of these studies have been performed in rodents, but generally used a model of genetic 

obesity (ob/ob mouse or fa/fa Zucker rat), or CDD/CMDD-induced hepatic steatosis, which does not 

accurately reflect the clinical pathophysiology of NAFLD.  As discussed in Section 3.3.2 and 5.3.1, there 

has also been a lack of consistency in histological description and large variation in the duration of IRI 

among published studies.  Furthermore, the same inconsistencies arise in experimental studies of IPC 

(Section 6.3). 

 

Among the studies examining the effect of IRI on steatotic liver MF, the majority analysed MF at 25oC 

rather than the physiological temperature of 37oC (Section 5.3.3).  As mitochondrial respiration is highly 

temperature dependant, the results would not have shown the true effect of IRI on steatotic liver MF, 

particularly given that temperature impacts oxidative phosphorylation efficiency [384].  This has 
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contributed to the lack of understanding on the effect of hepatic steatosis on hepatic MF subjected to IRI 

and needs to be evaluated. 

 

The first part of this chapter will briefly outline the commonly used animal models of hepatic steatosis and 

describe the validity of the animal model of hepatic steatosis used in our studies.  The second part of this 

chapter will discuss the various models of IRI and protocol of IPC that are used in the literature.  The third 

part of the chapter will describe the IRI and IPC animal models used in our studies.  The final part of the 

chapter will briefly discuss the selection of temperature for our MF analysis. 

 

 

9.2 Experimental models of dietary-induced hepatic steatosis 

 

Rodents are most frequently used as animal models for dietary-induced hepatic steatosis, and many of 

these rodent models also present with obesity.  However, normal rodents seldom become obese and there 

are individual differences in susceptibility to dietary-induced obesity and hepatic steatosis in rodent 

populations [385].  Due to the variations in strain, researchers have most commonly used specific dietary 

schemes to induce hepatic steatosis in various strains of rodents.  Animal models of dietary-induced 

hepatic steatosis can be classified into two groups: those with increased lipid import or synthesis and those 

with decreased lipid export or breakdown.  The first group of diets include: (a) HFD or HCD, (b) the high 

carbohydrate diet (fructose/sucrose), or (c) a combination of high fat and high carbohydrate diet.  The 

second group of diets include CDD or CMDD.  Advantages and disadvantages of these dietary-induced 

animal models of hepatic steatosis are summarised in Table 43, but only the most common dietary models 

will be discussed further.   

 

The most commonly used dietary manipulation methods to induce hepatic steatosis in animals are 

CDD/CMDD and HFD/HCD.  The CDD/CMDD diet is high in sucrose (40%) and fat (10%), but lacks 

choline and/or methionine.  Choline and methionine are essential for the production of VLDL [386].  Diets 

deficient in these essential nutrients result in decreased VLDL synthesis, which leads to accumulation of 

intra-hepatic lipids.  Rodents fed CDD/CMDD generally develop hepatic steatosis in a short period of time, 

but this model has a significant drawback – it is associated with significant weight loss and decreased plasma 

triglyceride/cholesterol levels [387].  These aspects go against the clinical setting of overweight/obese 

patients with NAFLD.  Furthermore, this model also rapidly develops NASH which is clinically unsuitable 

for OLT.  Thus, it was considered an unsuitable model for our studies. 
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Consideration was then given to these models of “over-nutrition” which represents the Western-style diets, 

such as the HCD/HFD or high-fructose/sucrose diets.  Rodents fed HFD are obese, insulin resistant and 

develop hepatic steatosis that closely resembles the spectrum of metabolic and liver pathology of human 

NAFLD [388].  However, the duration of feeding required varies among studies, ranging from 3 weeks to 

50 weeks [388, 389].  Similarly, while rodents fed a high-carbohydrate diet have developed insulin-

resistance and hepatic steatosis with increased serum triglyceride levels, they may not become obese [214, 

390].  These diets may induce most of the changes seen in human metabolic syndrome and hepatic steatosis; 

however the solitary over-feeding of just one aspect of the diet (fat/cholesterol or carbohydrate) cannot 

represent the standard human diet, which is more complex.  To more closely mimic the clinical scenario, a 

combination of carbohydrate and fat-rich diet has been used to emulate the signs and symptoms of human 

metabolic syndrome and hepatic steatosis [390].  Animals fed a high-fat/high-sucrose diet (HFHS) have 

increased body weight, abdominal fat deposition and hepatic lipogenic enzymes, and developed 

hyperinsulinemia, hyperglycemia and hepatic steatosis, showing the characteristics that are present in 

human metabolic syndrome and hepatic steatosis.   

 

As a result, I chose the HFHS diet (Rodent Diet D03021303; Research Diets, Inc., New Brunswick, NJ, 

USA; 45% kilocalorie (kcal) fat, 25% kcal sucrose) as it best emulates the clinical scenario and has been 

successfully used in experiments at our university [391, 392].  The validation of our experimental model 

will be discussed later (Section 9.4). 
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Table 43 Summary of the dietary-induced animal models of hepatic steatosis 

Mechanism 

of action 
Dietary model Advantage Disadvantage References 

↑Lipid 

import or 

synthesis 
HFD or HCD 

Obese 

Insulin-resistant 

Hepatic steatosis 

Less severe hepatic steatosis 

Variable feeding duration 
[201, 393] 

↑Lipid 

import or 

synthesis 

High-carbohydrate diet 

(Fructose or sucrose) 

Insulin-resistant 

↑Serum triglycerides 

Hepatic steatosis 

Non-obese [394, 395] 

↑Lipid 

import or 

synthesis 

High-fat + high-

carbohydrate 

(Western diet) 

Obese 

Insulin-resistant 

Hyperglycemia 

Hepatic steatosis 

Variable feeding duration [396, 397] 

↓Lipid 

export or 

breakdown 
CDD/CMDD 

Severe hepatic steatosis 

Short feeding duration 

Weight loss 

↓Serum triglycerides 
[387] 

CDD, Choline-deficient diet; CMDD, Choline-methionine deficient diet; HCD, High-cholesterol diet; HFD, High-fat diet 
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9.3 Experimental genetic models of hepatic steatosis 

 

There have been some studies that investigated the role of different genes in the pathophysiology of hepatic 

steatosis by altering specific genes in animals [398, 399]. Such genetic animal models of hepatic steatosis 

can also be categorised into two groups: those with increased hepatic lipid influx or synthesis and those with 

decreased hepatic breakdown of lipids or export [400].  Commonly used rodent genetic models of hepatic 

steatosis are summarised in Table 44.  The two most common genetic models used to study the hepatic 

steatosis and IRI are the ob/ob mouse and fa/fa rat.  These animals are either leptin-deficient (ob/ob) or 

leptin receptor-abnormal (fa/fa).  As leptin is a satiety hormone that inhibits feeding behaviour and increases 

energy expenditure, these animals become hyperphagic and develop obesity [401].  Furthermore, these 

animals are well-documented to develop insulin resistance, hepatic steatosis and type-2 diabetes [402, 403].  

These metabolic and hepatic abnormalities resemble the clinical picture of NAFLD.  However, they do not 

develop spontaneous steatohepatitis as leptin is an essential mediator of hepatic fibrogenesis [184], and the 

mutations that induce hepatic steatosis (leptin deficiency or leptin receptor abnormality) are not prevalent 

in humans.  As the mutations and pathophysiology of hepatic steatosis in these genetic animal models do 

not mimic the clinical pathophysiology in humans [183], researchers have developed various environmental 

stimuli, in particular dietary, to promote the development of hepatic steatosis in animal models (Section 

9.2).  I chose to utilise the ob/ob mice in our preliminary study to investigate the feasibility of our work, but 

did not utilise this genetic model of hepatic steatosis for our later experiments. 
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Table 44 Summary of common animal genetic models of hepatic steatosis 

Mechanism 

of Action 
Animal model Genetic modification and impact References 

↑Lipid import 

or synthesis 
ob/ob mouse 

Leptin deficient leading to hyperphagia. 
Develops obesity and diabetes with concurrent insulin 

resistance, hyperlipidemia and hepatic steatosis 
[404] 

↑Lipid import 

or synthesis 
db/db mouse and 

fa/fa rat 

Leptin receptor abnormality leading to hyperphagia. 
Develops obesity and diabetes with concurrent insulin 

resistance, hyperlipidemia and hepatic steatosis 
[402, 405] 

↑Lipid import 

or synthesis 
PEPCK SREBP-1a 

mouse 

↑Hepatic SREBP-1a expression which promotes activity 

and de novo synthesis of fatty acid synthase. 
Develops hepatic steatosis and insulin resistance, but is 

non-obese. 

[406] 

↑Lipid import 

or synthesis 
aP2-N SREBP-1c 

mouse 

SREBP-1c overexpression in adipose tissue. 
↓White adipose tissue development with lack of 

leptin/PPAR-α expression.  Develops severe hepatic 

steatosis and insulin resistance, but is non-obese. 

[407] 

↓Lipid export 

or breakdown 
ACOX -/- mouse 

ACOX is the first/rate-limiting step of peroxisomal β-

oxidation of LCFA.  Develops transient hepatic 

steatosis, but is non-obese and non-insulin resistant. 
[408] 

↓Lipid export 

or breakdown 
PPAR-α -/- mouse 

PPAR-α deficient and unable to up-regulate β-oxidation.  

Develops hepatic steatosis, but is non-obese and non-

insulin resistant. 
[409] 

↓Lipid export 

or breakdown 
MAT-1A -/- mouse 

MAT-1A deficient which is involved in the synthesis of 

phosphatidylcholine (phospholipid required for hepatic 

triglyceride export).  Develops hyperglycaemia, 

hypertriglyceridemia and hepatic steatosis, but is non-

insulin resistant. 

[410] 

ACOX, Acyl-CoA oxidase; LCFA, Long chain fatty acid; MAT, Methionine adenosyltransferase; PEPCK, 

Phosphoenolpyruvate carboxykinase; PPAR, Peroxisome proliferator-activated receptor; SREBP, Sterol regulatory element-

binding protein 
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9.4 Validation of high-fat/high-sucrose feeding model 

 

This section describes the animal model that I used for the experiments.  Prior to the start of the experiments, 

I consulted a local expert on developmental obesity and metabolic syndrome, Dr. Mark Vickers (Liggins 

Institute, University of Auckland, Auckland, New Zealand) who has published on utilizing diet-induced 

obesity [391, 392].  All of our animals were bred and reared in the School of Biological Science (SBS) 

animal facility at the University of Auckland.  The University of Auckland Animal Ethics Committee (AEC) 

approved all protocols (Application number R788 and R965). 

 

 

9.4.1 Animals 

 

Specific Pathogen Free (SPF) inbred male Sprague-Dawley rats were bred at the SBS animal facility.  These 

rats were cared for in a barrier-maintained area under conditions of constant temperature (22 ± 2°C), regular 

diurnal rhythm (12-hour light/dark cycle) and stable humidity (50-70%) with ad libitum access to standard 

chow (Teklad TB 2018; Harlan, Madison, WI) and water for 3 weeks.  These rats were then enrolled into 

the studies at weaning (aged 3-week) and then housed in pairs. 

 

 

9.4.2 Establishment of duration of dietary feeding 

 

Weaned (3-week old) rats (n = 6 each) were randomised to receive: standard chow or HFHS diet, for up to 

12 weeks.  The major composition of each diet is listed in Table 45.  Body weight, food intake and BG of 

each rat were measured weekly.  At monthly intervals, two rats from each group were anaesthetised and 

their livers removed for H&E staining to assess for the presence and extent of: steatosis, inflammation and 

necrosis. 

 

Weekly body weight of rats in both diet groups is shown in Figure 10.  Rats in the HFHS diet group were 

heavier than the control group after 2 weeks of feeding, but the difference was only significant after 5 weeks 

of feeding.  None of the rats in either group was hyperglycaemic and there was no difference in BG between 

the groups.  Rats in the control group consistently had higher food intake than the HFHS group (Figure 10) 

but this is expected, as the caloric content of the control diet was significantly lower than the HFHS diet 

(Table 45).  However, rats in the HFHS consistently have a higher weekly caloric intake compared to rats 
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in the control group.  Interestingly, the food intake in both groups plateaued after 5 weeks of feeding and is 

likely due to the high initial growth rate of the rats within the first 4 weeks post-weaning.  

 

The H&E histological examination demonstrated a lack of steatosis, fibrosis or inflammation in the control 

group livers.  Livers from the 4-week HFHS group demonstrated severe MaS with no signs of inflammation 

or fibrosis, whereas 8-week HFHS rat livers showed severe MaS with some inflammatory cells surrounding 

the peri-venular area and the 12-week HFHS group demonstrated severe MaS with large numbers of 

inflammatory cells (Figure 11).  This demonstrated the rapid development of severe MaS in this model 

within 4 weeks.  This also showed that steatohepatitis starts to develop after 8 week of HFHS feeding. 

 

As I aimed to develop a model of graded hepatic steatosis, a separate cohort of four Sprague-Dawley 

weanlings was recruited for shorter durations of feeding: 1- and 2-week (n = 2 each).  These rats were not 

included in Figure 10.  The rat livers were harvested and stained with H&E.  The livers from 1- and 2-week 

of HFHS groups demonstrated mild and moderate MaS, respectively (Figure 12).  There was no 

inflammation or fibrosis in either group.  This confirmed the rapid onset of hepatic steatosis in this dietary 

model.  Based on these results, I chose 1-, 2- and 4-week of HFHS dietary feeding for the rat model of 

graded hepatic steatosis.   
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Table 45 Nutritional composition of control and high-fat/high-sucrose diets 

Dietary content Control  HFHS diet  

Protein (% kcal) 24 20 

Fat (% kcal) 18 45 

Carbohydrate (% kcal) 58 35 

kcal/g 3.1 4.73 

Lard (kcal) - 1598 

Sucrose (kcal) - 1000 

g, Gram; kcal, Kilocalorie; HFHS, High-fat/high-sucrose 
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Figure 10 Weekly body weights and food intake of rats in control and high-fat/high-sucrose diet 

groups 

 

    

Sprague-Dawley rats fed HFHS (closed circle, n = 6) were significantly heavier (A) after 4 weeks of feeding and had 

significantly lower food intake (B) but a higher weekly caloric intake (C) compared to aged-matched control rats (open circle, n 

= 6) throughout the duration of feeding.  Analyses were performed using repeated measures analysis. 

*p<0.05 (vs. HFHS-fed rats) 

**p<0.01 (vs. control)  
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Figure 11 Liver H&E staining after feeding the rats with control or high-fat/high-sucrose diets 

for 4, 8 and 12 weeks 

 

  

Control rat livers (A) were normal, whereas the 4-week HFHS livers (B) showed severe MaS without inflammation or fibrosis.  

In contrast, 8-week HFHS livers (C) showed severe MaS with mild peri-venular inflammatory cells while 12-week HFHS 

livers (D) demonstrated severe MaS with moderate-to-severe peri-venular inflammation.  Representative H&E slides are shown 

(4 μm, x20 objective magnification; arrow showing macrovesicular steatosis, asterisk indicating perivenular inflammation).
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Figure 12 Liver H&E staining after feeding the rats with control or high-fat/high-sucrose diets 

for 1 and 2 weeks 

  

1-week HFHS (A) fed rat livers showed mild MaS whereas the 2-week HFHS (B) rat livers showed moderate MaS.  No fibrosis 

or inflammation was seen.  Representative H&E slides are shown (4 μm, x20 objective magnification; arrow showing 

macrovesicular steatosis). 

 

 

 

  



229 

 

9.5 Experimental models of warm partial hepatic ischemia 

 

The first PHI in rats described in 1982 was induced to only part of the total liver volume [411, 412].  

Previously, THI was widely studied in animals as it represents the use of Pringle manoeuvre during liver 

resection in the clinical situation.  However, the clamping of the portal vein causes splanchnic congestion 

due to obstruction of the outflow from the gut.  In humans, there is extensive collateral circulation and portal 

vein clamping can be tolerated for a long period of time.  Conversely, these collateral systems are much less 

developed in rats and significant systemic hemodynamic changes occur due to pooling of blood in the 

splanchnic circulation after only 5 minutes of clamping [413].  To investigate prolonged THI without the 

effect of splanchnic congestion, researchers developed surgical techniques to decompress the splanchnic 

circulation in the form of various types of porto-systemic shunt or spleen transposition [85], and these 

techniques have been used widely.  The creation of a porto-systemic shunt requires advanced microsurgical 

skills and leads to frequent blood clots in the shunt due to low blood flow.  Consequently, anti-coagulants, 

such as heparin, are frequently used, but they are generally avoided in clinical liver resection as it may 

propagate excessive haemorrhage.  The combination of these factors led to the development of PHI models 

in animals. 

 

The PHI is induced by selective occlusion of the hepatic artery, portal vein and bile duct to one or more 

liver lobes.  The majority of previous PHI studies occluded the vessels to the left and median lobes, 

rendering 70% of the liver ischemic [85].  As the remaining non-ischemic liver lobes (30%) are still perfused 

adequately, this does not cause splanchnic congestion.  This is a major advantage compared to models of 

THI.  However, there is preferential shunting of blood flow to the non-ischemic liver lobes that leads to 

decreased blood flow to the previously ischemic lobes at the initiation of reperfusion [414].  This is due to 

increased vascular resistance in the post-ischemic lobes and preferential blood flow through the path of least 

resistance.  To overcome this, researchers occlude or resect the non-ischemic lobes prior to the onset of 

reperfusion, rendering blood flow through the post-ischemic lobes only [88, 415].  Blood shunting is 

possible in humans as the Pringle manoeuvre can be applied in most patients without the need for porto-

systemic shunting, resembling the shunting to non-occluded liver lobes in the animal studies.  Thus, the 

model of PHI was chosen in our study as it most accurately simulates the clinical scenario.  The following 

section will discuss the choice of IRI duration. 

 

 



230 

 

9.5.1 Duration of ischemia and reperfusion 

 

The severity of hepatocyte damage is based on the duration of ischemia induced and there is a wide range 

of warm ischemic duration (range 15 to 90 minutes) used by various researchers (Table 2-Table 4 and 

Table 17-Table 18).  In PHI, 30 to 90 minutes of ischemia was induced (Table 3-Table 4) and the duration 

was generally chosen based on laboratory preferences rather than general consensus among the literature.  

The most common duration of warm ischemia used was 60 minutes.  This duration of ischemia provides 

sufficient reversible liver injury for experimental studies [85, 416].  Similarly, the duration of reperfusion 

varied greatly between studies ranging from 30 minutes to 1 month.  As the duration of reperfusion is 

determined by the specific research question of the individual studies, it is harder to reach a general 

consensus on this matter. 

 

I chose 60 minute of ischemia as it provides sufficient reversible liver injury for us to investigate the 

impact of steatosis.  We also chose 4 hours of reperfusion as massive liver injury was observed after 4-6 

hours of reperfusion and this duration also limits the necessity for prolonged anaesthesia or a second 

laparotomy as required in studies with longer periods of reperfusion [218].  There was a risk these later 

options would detrimentally confound any findings from the studies so these models were not used. 

 

 

9.6 Experimental models of ischemic preconditioning 

 

The first model of hepatic IPC in the rat was described in 1993 and since then, various studies have been 

published on hepatic IPC (Section 2.11).  IPC is a reproducible surgical strategy to attenuate the negative 

effect of IRI.  In the clinical setting, it is performed by applying the Pringle manoeuvre prior to prolonged 

vascular exclusion [20].  In animal studies, it can be performed by selective occlusion of the hepatic artery, 

portal vein and bile duct to the liver lobes that will be exposed to prolonged ischemia.  The most common 

duration of IPC used in clinical studies is 10 minutes of ischemia with 10 minutes of reperfusion (10+10, 

Table 37-Table 40), whereas 5 minutes of ischemia followed by 10 minutes of ischemia (5+10) are more 

common in experimental studies of IPC and hepatic steatosis (Table 27-Table 28).  Furthermore, alternative 

durations of IPC used were 5 minutes of ischemia with 5 minutes of reperfusion (5+5) or 10 minutes of 

ischemia with 15 minutes of reperfusion (10+15).  I chose the 10+10 protocol in my study as it is the most 

commonly used clinical IPC protocol, and has been shown to potentially confer beneficial effect on steatotic 

livers subjected to IRI.  The duration of ischemia induced in my study (60 minutes) is within the “acute” 
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phase of IPC and allowed me to investigate the beneficial effect of IPC.  The following section describes in 

detail the pre- and intra-operative care used in my study.  Tissue and blood collection are also described 

briefly. 

 

 

9.7 Ischemic preconditioning and warm partial ischemia techniques 

 

This section describes the operative details used in our study (Figure 13).  The operations were performed 

in conjunction with Dr. Rakesh Premkumar (Department of Surgery, University of Auckland, Auckland, 

NZ).  All of the procedures were carried out at the SBS animal facility, University of Auckland.  The 

University of Auckland AEC approved all protocols (Application number R965). 
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Figure 13 Operative details for ischemic preconditioning and warm partial hepatic ischemia in 

the rat  

 

 

1) Induction and maintenance of anaesthesia with isofluorane 

2) Insertion of tracheostomy (Tra) cannula to maintain on mechanical ventilation (a) 

3) Insertion of right femoral venous (FV) line (b) and right carotid arterial (CA) line (c) 

4) Initiation of transverse laparotomy (d) 

5) Isolation of portal triad (LML-PT) to left and median lobes (e) 

6) Initiation of 10+10 IPC to the left and median lobes (f) 

7) Induction of 60 minutes ischemia to the left and median lobes 

8) Reperfusion for 240 minutes 
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9.7.1 Animals 

 

SPF-inbred male Sprague-Dawley rats were bred at the SBS animal facility.  These rats were cared for in a 

barrier-maintained area under conditions of constant temperature (22 ± 2°C), regular diurnal rhythm (12-

hour light/dark cycle) and humidity (50-70%) with ad libitum access to standard chow and water for 3 weeks.  

These rats were then enrolled into the studies at weaning and housed in pairs.  Body weight, BG and food 

intake was measured weekly.  Rats were fasted for 6 hours prior to surgery to mimic pre-operative fasting.   

 

 

9.7.2 Anaesthesia 

 

The procedure was carried out under general anaesthesia using the non-hepatotoxic halogenated inhalation 

agent Isofluorane (Medsource Ltd., Ashburton, New Zealand) [417].  Induction of anaesthesia was carried 

out by placing the rat in a Perspex induction chamber with 3-4% isofluorane and oxygen at 2 L/min.  When 

the rat was sleeping quietly, the animal was removed from the induction chamber and the isofluorane was 

administered via a nose cone at 1.5-3% with 1.5 L/min oxygen to maintain anaesthesia.  Before making any 

skin incision, the adequate depth of anaesthesia was confirmed by the absence of a pedal withdrawal reflex. 

 

 

9.7.3 Insertion of tracheostomy tube 

 

Iodine (Sanofi-Aventis Consumer Healthcare, Auckland, New Zealand) was used to sterilise the neck area 

and a midline vertical incision was made in the neck.  The salivary glands were retracted and muscles and 

soft tissue surrounding the trachea were carefully dissected.  A 4-0 silk tie (Covidien NZ Ltd., Auckland, 

New Zealand) was loosely placed around the trachea and a 3 mm transverse incision made at the anterior 

surface of the trachea inferior to the cricoid cartilage.  A 14G modified angiocath (BD Medical, Franklin 

Lakes, NJ, USA) was inserted into the trachea and connected to a small animal pressure-controlled ventilator 

(Kent Scientific Corporation, Torrington, Conn., USA).  General anaesthesia was maintained by 1-2% 

isofluorane.  The fraction of inspired oxygen/air was 40% administered at a respiratory rate of 50-80 breaths 

per minute, with peak inspiratory pressure of 11-15 cm H20.  End-tidal CO2 was measured by capnography 

(Pyron Corporation, Menomonee Falls, WI, USA) and kept at 35-45 ml/L.   
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9.7.4 Intra-operative monitoring and intravenous fluid administration 

 

After establishment of maintenance anaesthesia, a rectal thermometer probe was inserted to monitor core 

body temperature.  Core body temperature was maintained between 36-38°C by use of a thermostatically-

controlled warming plate.  Iodine was then used to sterilise the right groin and an oblique groin incision was 

made.  The subcutaneous tissue was carefully dissected to expose the right femoral artery and vein.  The 

right femoral vein was gently dissected away from the right femoral artery before a loose 4-0 silk tie was 

placed proximally.  A microvascular clip was placed at the proximal aspect of the vein while the distal 

aspect was sealed with bipolar diathermy.  A venotomy was made and a radio-opaque catheter (22G) 

inserted.  This was secured with 4-0 silk tie and used to administer intravenous fluid (0.9% normal saline).   

 

Attention was then switched to the right neck area which has been exposed during tracheostomy insertion.  

Careful blunt dissection was carried out in parallel to the trachea to expose the right internal carotid artery.  

Three loose 4-0 silk ties were placed around the artery: two proximally and one distally.  The distal aspect 

of the artery was ligated with the silk tie and a microvascular clip placed proximally.  An arteriotomy was 

made for insertion of a 2-French gauge solid-state pressure transducer (SPR-320 pressure catheter; Millar 

Instruments Inc., Houston, Texas, USA).  The transducer was secured with two proximal 4-0 silk ties and 

used to monitor mean arterial pressure.  The average duration between induction of anaesthesia and 

laparotomy was 60 minutes. 

 

 

9.7.5 Induction of ischemic preconditioning and partial hepatic ischemia-reperfusion 

 

The abdomen was sterilised with iodine and laparotomy was performed through a transverse incision.  The 

bowel loops were exteriorised and wrapped in saline-soaked gauze (Baxter Healthcare Ltd., Auckland, NZ) 

to prevent dehydration.  Exposure of the liver was accomplished by severing the ligaments that attach the 

liver to the diaphragm.  The liver lobes were gently moved to expose the branches of the portal vein and 

hepatic artery to the left and median lobes.  Lobar ischemia for IPC was induced by placing a microvascular 

clip on the vascular pedicles to the left and median lobes.  Hepatic ischemia was confirmed by pallor and 

blanching of the left and median liver lobes.  After 10 minutes of ischemia, reperfusion was initiated by 

removal of the microvascular clip.  After 10 minutes of reperfusion, 60 minutes of PHI was initiated by 

repeat clamping of the vascular pedicles to the left and median lobes.  At the end of 60 minutes ischemia, 

the microvascular clip was removed to start the 240 minutes of reperfusion.  
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The animals were randomised to one of three groups (n=10 animal/group).  Animals in the sham group were 

subjected to anaesthesia, insertion of venous and arterial line, laparotomy and exposure of vascular pedicles 

of the left and median liver lobes.  Animals in the IRI group were subjected to 60 minutes of PHI and 240 

minutes of reperfusion.  Animals in the IPC group were subjected to 10+10 IPC prior to 60 minutes of 

ischemia and 240 minutes of reperfusion.  The protocol for each surgical group is outlined in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 Experimental protocols for ischemic preconditioning and ischemia-reperfusion injury  

 

I, Ischemia; IPC, Ischemic preconditioning; IRI, Ischemia-reperfusion injury; R, Reperfusion 
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9.7.6 Tissue and blood collection 

 

Liver samples were obtained by cheese-wire ligating liver tissue with a 4-0 silk tie (Figure 15).  This 

technique caused minimal bleeding from the cut surface of the liver and allowed repeated sampling from 

each rat.  Liver samples (~150 mg at each time point) were obtained at these timepoints: “A”) baseline 

(immediately after laparotomy), “B”) 10 minute (after 10 minutes of ischemia), “C”) 20 minutes (end of 

IPC), “D”) 80 minutes (after 60 minutes PHI), and “E”) 320 minutes (end of 240 minutes reperfusion phase).  

The samples were immediately placed in ice-cold MiRO5 and processed for MF analysis.  The amount of 

liver tissue removed did not exceed 20% of the total hepatic mass as assessed in a pilot cohort of rats (n=2).  

At the end of the procedure, 5 ml of serum was collected from the inferior vena cava. 

 

 

9.7.7 Fate of the animals 

 

The rats were euthanised by exsanguination via venosection and disposed according to the University of 

Auckland AEC guidelines. 
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Figure 15 Suture ligation of liver tissue 

  

Liver tissue was ligated with silk tie for tissue collection (a) and the liver cut surface had minimal bleeding or bile leak (b). 
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9.8 Experimental models of cold liver ischemia 

 

In the process of a standard liver transplantation, the donor liver graft is inevitably exposed to cold 

ischemia during conventional organ preservation (Section 2.6).  Since the first description of human OLT 

in 1963 (Section 2.5), the maximum period of cold ischemia that can be tolerated by the donor liver graft 

has been studied extensively and is integrated into donor risk factor calculations [7, 231].  During the 

donor surgery, the donor liver is perfused with the preservation solution via the portal vein (PV) and 

abdominal aorta (AA) to prevent thrombosis of the vessels and to preserve the liver [80].  After the liver 

has been flushed, the liver is stored in the preservation solution before being transplanted to the recipient.  

In some small animal studies, the livers were flushed via the PV alone before being stored in the 

preservation solution rather than the conventional dual vessel perfusion [94, 202].  When taking into 

account that 90% of rat liver circulation is portal while 10% is from the arterial system [418], a single 

vessel perfusion via the PV alone would provide adequate flushing of the liver in small animals.  

However, perfusing the liver through both the PV and the hepatic artery optimise liver viability [219].  

Thus, a model of dual vessel perfusion was chosen in our study as it closely mimics the clinical scenario.   

 

 

9.8.1 Duration of cold ischemia 

 

There is a wide range of cold ischemic duration (range 33 minutes to 24 hours) used by various 

researchers (Section 3.3.2.2 and Section 5.3.1.2).  The maximal duration of cold ischemia studied (24 

hours) was similar to the maximal duration of hepatic cold ischemia in clinical practice.  The durations of 

cold ischemia used in our study were chosen to represent clinically relevant durations of cold ischemia up 

to 24 hours and to provide a detailed time-course analysis of MF. 

 

 

9.9 Induction of cold ischemia by liver perfusion 

 

This section describes the induction of cold ischemia that I used for my experiments (Figure 16).  All of the 

procedures were carried out at the SBS animal facility, University of Auckland.  The University of Auckland 

AEC approved all protocols (Application numbers R788 and R965). 

 



239 

 

Figure 16 Operative details for ischemic preconditioning and liver perfusion in the rat 

 

 

1) Midline laparotomy under isofluorane anaesthesia (a) 

2) Isolation of main portal triad (PV, portal vein; IH-IVC, infra-hepatic inferior vena cava) (b) 

3) Isolation of infra-renal abdominal aorta (AA) (c) 

4) Induction of 10+10’ IPC through main portal triad (d) 

5) Cannulation of AA and PV (e) 

6) Liver flushed with UW solution and stored in ice-cold UW solution (f) 
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9.9.1 Animals 

 

SPF-inbred male Sprague-Dawley rats were bred at the SBS animal facility.  These rats were cared for in a 

barrier-maintained area under conditions of constant temperature (22 ± 2°C), regular diurnal rhythm (12-

hour light/dark cycle) and humidity (50-70%) with ad libitum access to standard chow and water for 3 weeks.  

These rats were then enrolled into the studies at weaning (3-week) and housed in pairs.  Body weight, BG 

and food intake was measured weekly.  Rats were fasted for 12 hours prior to surgery.   

 

 

9.9.2 Anaesthesia 

 

The procedure was carried out under general anaesthesia using isofluorane and anaesthesia was delivered 

as described in Section 9.7.2. 

 

 

9.9.3 Induction of ischemic preconditioning and liver perfusion 

 

The abdomen was sterilised with iodine and laparotomy was performed through a midline laparotomy.  

The bowel loops were exteriorised and wrapped in saline-soaked gauze to prevent dehydration.  Exposure 

of the liver was accomplished by severing the ligaments that attach the liver to the diaphragm.  The main 

portal triad was identified and a loose 4-0 silk tie was placed around it.  The infra-renal AA was cleared 

from the origin of the right renal artery down to the bifurcation of common iliac arteries.  Two loose 4-0 

silk ties were placed around the aorta: one proximally and one distally.  IPC was induced by placing a 

Biemer atraumatic vascular clip (Aesculap, Center Valley, PA, USA) on the main portal triad.  Hepatic 

ischemia was confirmed by pallor and blanching of the liver lobes.  After 10 minutes of ischemia, 

reperfusion was initiated by removal of the microvascular clip.  At the end of 10 minute reperfusion, the 

distal AA was ligated with the 4-0 silk tie.  The AA and PV were cannulated sequentially with 20G and 

18G angiocath, respectively.  Flushing the liver with ice-cold (4°C) UW solution was commenced at 10 

ml/min (Duration 3 minutes).  Immediately after commencement of flushing, the infra-hepatic inferior 

vena cava (IH-IVC) was divided below the level of the right renal vein, and the supra-hepatic IVC was cut 

at the level of the diaphragm.  The liver was flushed for 2 minutes.  The liver was then removed and 

placed in ice-cold UW solution.
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9.9.4 Tissue and blood collection 

 

Serum samples were withdrawn from the IH-IVC immediately prior to commencement of liver flushing.  

After the liver was flushed, multiple 5 mm liver biopsies were taken and immediately stored in 1 ml of 

ice-cold UW solution.  The remaining liver was bisected then either fixed in 10% NBF, or snap-frozen 

and stored at -80°C. 

 

 

9.10 Validation of temperature selection for mitochondrial function analysis 

 

This section describes the selection of the experimental temperature that I used for MF analysis.  All of the 

procedures were carried out at the SBS animal facility, University of Auckland.  The University of Auckland 

AEC approved all protocols (Application numbers R965). 

 

 

9.10.1 Animals 

 

Experiments were performed in male Sprague-Dawley rats (n=4, 690-760g).  The animals were kept under 

a 12-hour light/dark cycle (50-70% humidity, 22 ± 2°C) with ad libitum access to standard chow (Teklad 

TB 2018; Harlan, Madison, WI) and water.   

 

 

9.10.2 Anaesthesia 

 

The procedure was carried out under general anaesthesia using isofluorane and anaesthesia was delivered 

as described in Section 9.7.2.
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9.10.3 Tissue collection and tissue homogenization 

 

Following a transverse laparotomy, a 5 mm liver biopsy sample was collected and immediately placed in 

ice-cold MiRO5 solution.  The sample was then removed from the MiRO5 solution, weighed (20-30mg) 

and homogenized as described in Section 8.1.2.  The sample was analysed within 10 minutes of 

procurement minimizing the duration of cold ischemia the sample was exposed to. 

 

 

9.10.4 Mitochondrial respiration assays 

 

The assays were carried out as described in Section 8.2.1 at 25oC, 30oC and 37oC.  The spectrum of 

temperature was selected as the most commonly used temperature by studies in our review was 25oC 

(Section 5.3.3) while 37oC is the physiological temperature for rodents.  In these assays, oligomycin was 

used in this experiment to inhibit ATP-synthase. 

 

 

9.10.5 Results 

 

Hepatic MF was significantly affected by the temperature of the assay (Table 46).  OXPHOS-CI and RCR 

were significantly lower at 37oC compared to 25oC or 30oC while LEAKOli, ETS capacity and CCO were 

significantly higher at 37oC compared to 25oC or 30oC.  These results indicate that an increase in assay 

temperature led to increased proton leak with a corresponding decrease in OXPHOS-CI.  Consistent with 

this, RCR was significantly lower at the higher assay temperature.  These findings confirmed that MF is 

significantly affected by the assay temperature and careful consideration of the assay temperature used in 

our studies is required.  As a result, I chose 37oC as my assay temperature as this is the physiological 

temperature of the animals in my studies and allows me to mimic physiological conditions.  
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Table 46 Rat hepatic mitochondrial function measurement across 3 different temperatures (n=4) 

CCO, Cytochrome c oxidase; CI, Complex I; CII, Complex II; ETS, Electron transport system; Leak, Leak respiration; Oli, 

Oligomycin; OXPHOS, Oxidative phosphorylation; RCR, Respiratory control ratio 

Analyses were performed with one-way ANOVA and Tukey’s multiple comparison tests.   

ap<0.05 (vs. 25oC) 

bp<0.05 (vs. 30oC) 

 25oC 30oC 37oC 

 Mean ± SEM (pmol O2.s-1.mg wet wt-1 except for RCR) 

LEAKCI 21.6 ± 2.3 22.4 ± 2.6 21.5 ± 2.8 

OXPHOS-CI 261.0 ± 8.6 255.3 ± 6.5 185.4 ± 16.4a,b 

OXPHOS-CII 103.4 ± 3.9 113.4 ± 5.7 114.2 ± 4.2 

LEAKOli 25.3 ± 1.9 29.9 ± 2.5 50.0 ± 4.0a,b 

ETS capacity 414.4 ± 26.1 550.0 ± 24.5a 818.4 ± 54.1a,b 

CCO 500.6 ± 16.8 647.3 ± 19.4 1108.4 ± 94.6a,b 

RCR 15.4 ± 1.9 15.3 ± 2.0 9.1 ± 1.3a,b 
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9.11 Summary 

 

There are various rodent models of hepatic steatosis, each with its own advantages and disadvantages.  

HFHS diet-induced hepatic steatosis most closely resembles the clinical scenario and was chosen for our 

experiments.  The duration of feeding to induce graded hepatic steatosis was chosen based on our pilot 

study with HFHS diet.  There are also different models of hepatic ischemia and IPC.  PHI was chosen as it 

removes the necessity for porto-systemic shunt and closely mimics clinical liver resection.  The duration 

of PHI was chosen based on provision of sufficient liver injury and removing need for prolonged 

anaesthesia.  The duration of IPC was chosen as it is the protocol most commonly used in the clinical liver 

surgery.  Similarly, the technique chosen for liver perfusion mimics the dual perfusion of donor liver in 

the clinical setting.  For MF analysis, 37oC was chosen as the assay temperature to mimic physiological 

conditions and reflect in vivo conditions.  The experimental aspects were selected to most closely 

resemble the clinical setting and provide a platform to investigate the role of IPC on bioenergetics in the 

setting of hepatic steatosis subjected to both warm and cold types of ischemia.  The work in this chapter 

was the basis for the experimental work that I went on to perform that will be described in later chapters. 
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Chapter 10   

Hepatic mitochondrial function analysis using needle liver biopsy samples 

 

 

10.1 Introduction 

 

Pre-operative assessment of liver function is an important aspect of patient selection in assessing high-risk 

patients undergoing liver surgery.  Current methods include biochemical tests, imaging and histology 

(Section 2.4.1).  The interpretation of biochemical (ALT and AST) tests remains subjective and relatively 

insensitive and histology-based assessments are strongly observer-dependant (Section 2.4.1).  Moreover, 

these tests do not provide direct information regarding hepatocyte metabolic function.  One new approach 

to assess organ synthetic function is to directly measure MF.  Mitochondria are responsible for the bulk of 

ATP generation, the universal fuel source for cellular function (Section 2.7).  Assessing MF therefore 

provides direct information of cellular energy homeostasis, and could provide important information in 

assessing hepatic function.   

  

MF analyses test the OXPHOS and electron transport chain (ETC) systems, with an oxygraph device which 

measures oxygen flux.  Titration protocols using selected substrates and inhibitors also permit the sequential 

measurement of flux through different respiratory mitochondrial complexes (Section 2.10).  Conventional 

MF analysis has been performed in a research setting on isolated mitochondria (Section 2.10.3).  This 

method requires large tissue samples and as a result has precluded routine clinical mitochondrial research.  

Furthermore, the mitochondrial isolation process introduces bias through preferential selection of more 

healthy mitochondria.  Technological advances using high-resolution respirometry have permitted down-

scaling of sample requirements to approximately 10 mg of liver [158, 159].  Although significantly less than 

for isolated mitochondria, it still requires an open biopsy. 

 

Percutaneous liver biopsy is within the scope of an outpatient procedure and is routinely performed for 

histological diagnosis [1].  If MF could be tested on similar needle biopsy samples, this could also allow 

for the development of a direct outpatient test of cellular metabolic function.  To date there has been no 

published data using Tru-cut® needle biopsy samples for MF analysis.  This study aimed to determine 

whether MF assays can be reliably performed on liver tissue obtained using Tru-cut® biopsies.  The 

findings of this study will be relevant for enabling future new MF analysis in clinical hepatology.
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10.2 Materials and methods 

 

All animal experiments were conducted in accordance with the regulations provided by the Guide for Care 

and Use of Laboratory Animals, and were approved by the University of Auckland AEC.  The collection 

of human liver samples was approved by the New Zealand Northern-Y Regional Ethics Committee 

(NTY/09/12/117) and patients each gave written informed consent pre-operatively.   

 

 

10.2.1 Animal experiments 

 

All reagents were purchased from Sigma-Aldrich (New South Wales, Australia) unless otherwise 

specified.  Experiments were performed in male Wistar rats (350-450g).  The animals were kept under a 

12-hour light/dark cycle (50-70% humidity, 22 ± 2°C) with ad libitum access to standard chow (Teklad 

TB 2018; Harlan, Madison, WI) and water.   

 

The rats were anaesthetized by isoflurane inhalation.  A transverse laparotomy was performed.  Tru-cut® 

samples were obtained with an 18G Bard® Max-core® biopsy instrument (Bard Biopsy Systems, Arizona, 

USA; Figure 17A).  The samples were immediately stored in ice-cold UW solution.   

 

 

10.2.2 Human study 

 

Tissue samples (27 patients; labelled in alphabetical order) were obtained from a normal parenchymal 

tissue site in the resected liver specimen using an 18G Bard® Max-core® biopsy instrument.  The biopsy 

samples in all cases were immediately stored in ice-cold UW solution.  Due to logistics of transport to the 

laboratory and processing the sample, our earliest time-point for MF analysis was 60 minutes.   

 

 

10.2.3 Optimal sample mass, stability and assay reproducibility 

 

Tru-cut® specimens from both rats and patients were removed from ice-cold UW solution, bisected, 

blotted dry on lint-free lens tissue and weighed.  Sample weights of 0.5, 1.0, 1.5 and 2.0 mg, and 0.5, 1.0, 

and 2.0 mg were used for rat and human MF analysis, respectively.  Biopsy samples were randomized to 
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each weight group prior to analysis.  Three replicate measurements for each individual weight were 

obtained. 

 

To test the stability of the Tru-cut® sample in cold storage, multiple Tru-cut® specimens were obtained 

from within the same rat (n=4) or human (n=3) livers, and stored in ice-cold UW solution.  Rat liver MF 

was measured on matched but independently stored samples at 1, 2, 4, 8, 18 and 24 hours after each liver 

was sampled, while human liver MF was measured after 1, 2 and 4 hours.  These time points were chosen 

to mimic various possible cold storage durations that a clinical Tru-cut® biopsy might realistically 

undergo prior to laboratory analysis in a hospital outpatient setting.   

 

To test reproducibility, repeated Tru-cut® biopsies were obtained from rat (6 replicates; n=6) and human 

livers (4 replicates; n=6), and stored in ice-cold UW solution.   

 

 

10.2.4 Testing the utility of the assay to detect clinical changes in mitochondrial function 

 

To test the ability of the Tru-cut® biopsy protocol to detect differences in MF, samples were obtained 

from ischemic rat liver samples and compared to matched perfused samples from the same rat liver.  Six 

baseline perfused Tru-cut® samples were taken from rats (n=6) and stored in ice-cold UW solution.  

Hepatic ischemia was then induced by 20 minutes of inflow occlusion (Pringle manoeuvre).  After 20 

minutes, six further biopsies were obtained from the same liver lobe and stored in ice-cold UW solution.  

Biopsy samples were analyzed immediately after procurement. 

 

In a similar clinical study, recently resected human liver specimens were considered to be “ischemic” due 

to the effect of devascularization from the surgical resection process, whereas a matched biopsy from the 

remnant liver were considered “perfused”.  Two Tru-cut® biopsies were obtained from both the resected 

and the remnant liver, and stored in ice-cold UW solution (n=6). 

 

 

10.2.5 Evaluation of Tru-cut® biopsy against permeabilized wedge biopsy specimen 

 

This experiment evaluated the Tru-cut® biopsy protocol against the current “gold standard” of using 

permeabilized wedge biopsy specimens.  Two Tru-cut® biopsy specimens were obtained from patients 
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undergoing liver resection (n=6) and stored in ice-cold UW solution.  Simultaneously, site-matched wedge 

biopsies of the same resected liver were taken using a 4 mm Stiefel (EBOS Healthcare, Auckland, New 

Zealand) and stored in ice-cold UW solution.  Wedge biopsy specimens were removed from UW solution 

and mechanically permeabilized in ice-cold MiRO5 prior to analysis as per conventional protocols 

(Section 8.1.1).  This study was only able to be undertaken on human clinical samples due to the fragile 

nature of the rat liver parenchyma which was unable to hold its structure in the vortex of stirred buffer in 

the oxygraph chamber. 

 

 

10.2.6 Respiration assays 

 

Biopsy samples were removed from ice-cold UW solution, blotted dry on lint-free lens tissue and 

weighed.  Due to the small and fragile nature of the Tru-cut® biopsy specimens, appropriately weighed 

samples were placed into the chambers of Oroboros Oxygraph 2K (Oroboros Instruments, Innsbruck, 

Austria) and saponin (50 µg/ml) was titrated directly into each chamber.  This concentration was chosen 

as described by Kuznetsov et al [159].  This allowed direct permeabilization inside the chambers. 

 

Respiration was measured in 2-ml chambers using the oxygraph, at 37°C in MiRO5, with a calculated 

saturated oxygen concentration of 190 nmol O2 per ml at 100 kPa barometric pressure.  Weight-specific 

oxygen flux (pmol O2.s
-1.mg wet wt-1) was calculated using the DatLab 5 analysis software.  A simple 

substrate-inhibitor titration protocol was utilized to test the validity of the Tru-cut® biopsy protocol in 

assessment of CI [153].  The assay was commenced with the addition of CI supporting substrates: 

glutamate (10 mM), malate (5 mM) and pyruvate (10 mM) [LEAKCI] followed by ADP (1.25 mM) 

[OXPHOS-CI].  Atractyloside (0.25 mM) was added to inhibit the ANT (LEAKAtra).  Incremental 

additions of FCCP (final concentration 1.5 μM) were made to uncouple respiration as a measure of ETC 

capacity.  Antimycin A (5 μM) was then added to inhibit Complex III and to provide a measure of residual 

oxygen flux.  The integrity of tissue preparations and comparison of coupling efficiencies were made from 

the RCR (OXPHOS-CI/LEAKCI).  Assessment of CI and RCR were chosen as it has been shown to be 

impaired in steatotic livers subjected to IRI [211].
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10.2.7 Statistical and data analysis 

 

All flux rate data from rat and human experiments are expressed as mean ± SEM.  The co-efficient of 

variation (CV) for each sample is expressed as the mean CV ± standard deviation (SD).  Statistical 

analyses were performed using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA) for 

unpaired and paired t-tests.  P<0.05 was considered statistically significant. 

 

 

10.3 Results 

 

10.3.1 Description of Tru-cut® biopsy specimen 

 

Human biopsies were collected and bisected (Figure 17A, B), and were considerably smaller than the 

wedge biopsies (Figure 17C).  The average mass of rat and human liver tissue obtained by a single Tru-

cut® biopsy was 5.60 ± 0.30 and 5.16 ± 0.15 mg, respectively. 

 

 

Figure 17 Needle biopsy instrument, sizes of Tru-cut® and wedge liver biopsies. 

 

(A) Needle biopsy instrument.  (B) Intact Tru-cut® biopsy.  (C) Transected Tru-cut® biopsy sample used for analysis.  (D) 

Wedge biopsy sample.
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10.3.2 Optimal liver sample mass for mitochondrial function analysis 

 

The average mass of rat liver Tru-cut® samples used in each group was 0.66 ± 0.10, 1.05 ± 0.14, 1.56 ± 

0.12 and 2.13 ± 0.21 mg.  Sample masses of 1.5-2.0 mg had significantly lower mean CVs for OXPHOS, 

ETC capacity and RCR compared to 0.5 or 1.0 mg samples (Table 47).  The mean flux rates were similar 

between each group.  On this basis, the 1.5-2.0 mg sample size was used for all subsequent rat 

experiments.     

 

The average mass of Tru-cut® samples used from human patients was 0.61 ± 0.03, 1.14 ± 0.05 and 2.13 ± 

0.06 mg.  A sample mass of 2.0 mg had lower mean CVs compared to 0.5 or 1.0 mg in measurements of 

MF (Table 48).  The mean flux rates were comparable between each group.  On this basis, 2.0 mg was 

used as the sample mass in subsequent experiments on human livers. 

 

 

10.3.3 Stability of Tru-cut® biopsy samples in cold storage 

 

OXPHOS, ETC capacity and RCR of rat liver Tru-cut® samples following 60 minutes of cold storage 

were significantly higher compared to all other subsequent time-points (p<0.05, Figure 18A, C, E).   

 

Human liver Tru-cut® sample OXPHOS, ETC capacity and RCR were also significantly higher following 

60 minutes of cold storage compared to 2 and 4 hours of cold storage (p<0.05, Figure 18B, D, F).  On the 

basis of these data, samples were only preserved up to 60 minutes in cold storage (this was the minimum 

possible time to undertake the transport and assay procedures). 
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Table 47 Mitochondrial function measurement across 4 different rat liver Tru-cut® biopsy sizes 

(18 samples; 6 rats) 

Sample mass Mean ± SEM Mean CV (%) ± SDa CV (%)b 

 Oxidative phosphorylation (pmol O2.s-1.mg wet wt-1) 

0.5 mg 8.1 ± 0.9 39.1 ± 26.1c,d 39.3 

1.0 mg 9.5 ± 1.2 35.6 ± 15.6c,d 42.1 

1.5 mg 9.6 ± 0.7 12.9 ± 8.4 26.5 

2.0 mg 10.8 ± 0.6 12.0 ± 8.9 18.8 

 Electron Transport Chain (pmol O2.s-1.mg wet wt-1) 

0.5 mg 18.5 ± 1.3 18.7 ± 11.0 24.1 

1.0 mg 18.7 ± 2.0 22.0 ± 8.6d 36.2 

1.5 mg 16.6 ± 1.4 12.5 ± 10.9 29.8 

2.0 mg 15.2 ± 0.8 8.8 ± 9.6 18.8 

 Respiratory control ratio 

0.5 mg 2.8 ± 0.4 49.0 ± 22.8c,d 54.7 

1.0 mg 2.6 ± 0.4 32.2 ± 20.7d 54.0 

1.5 mg 3.4 ± 0.2 17.4 ± 9.6d 22.9 

2.0 mg 3.3 ± 0.1 7.0 ± 5.4 14.3 

CV, Coefficient of variation; SD, Standard deviation; SEM, Standard error of mean 

aMean CV from each of the 6 animals with calculated SD 

bCombined CV of 18 replicates 

cp<0.05 compared to 1.5 mg (Unpaired t-test) 

dp<0.05 compared to 2.0 mg (Unpaired t-test)  
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Table 48 Mitochondrial function measurement across 3 different human liver Tru-cut® biopsy 

mass (18 samples; 6 patients) 

Sample mass Mean ± SEM Mean CV (%) ± SDa CV (%)b 

 Oxidative phosphorylation (pmol O2.s-1.mg wet wt-1) 

0.5 mg 6.3 ± 0.9 39.1 ± 32.6c 52.2 

1.0 mg 5.7 ± 0.5 23.5 ± 14.7c 33.8 

2.0 mg 7.4 ± 0.4 3.6 ± 3.0 22.0 

 Electron Transport Chain (pmol O2.s-1.mg wet wt-1) 

0.5 mg 9.0 ± 1.1 36.1 ± 16.2c 44.3 

1.0 mg 7.4 ± 0.7 21.4 ± 19.0 36.1 

2.0 mg 8.0 ± 0.5 5.4 ± 5.0 25.5 

 Respiratory control ratio 

0.5 mg 3.1 ± 1.1 43.2 ± 40.9c 127.0 

1.0 mg 3.2 ± 0.9 26.2 ± 29.8 97.9 

2.0 mg 3.1 ± 0.1 4.5 ± 3.2 18.4 

CV, Coefficient of variation; SD, Standard deviation; SEM, Standard error of mean 

aMean CV of 6 patients with calculated SD 

bCombined CV of 18 replicates 

cp< 0.05 compared to 2.0 mg (Unpaired t-test) 
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Figure 18 Stability of mitochondrial function of Tru-cut® biopsies from rat and human liver 

following different durations of cold storage 

 

Rat and human liver oxidative phosphorylation (A,B), electron transport chain capacity (C,D) and respiratory control ratio 

(E,F) at 1 hour was significantly higher compared to all other time-points.  Data are shown as mean ± standard error of mean 

(n=3-4).   

*p<0.05 (1 hour vs. other timepoints)
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10.3.4 Precision: mitochondrial function analysis was reproducible from repeated Tru-Cut® sampling 

 

The within individual OXPHOS, ETC capacity and RCR replicates from each rat liver is shown in Figure 

19A, Figure 19C and Figure 19E, respectively.  A tight cluster from each replicate was observed around 

their respective means.  Consistent with this, the CV of the RCR was low from each rat (<10%).  The 

mean OXPHOS, ETC capacity and RCR was different from each rat but this was expected due to inter-

animal variability.   

 

A similar finding was also observed from each human liver Tru-cut® biopsy (Figure 19B, D, F).  A tight 

cluster was also observed around the mean of each patient and the CV was <10% from each patient.   

 

 

10.3.5 Utility: Tru-cut® sampling was able to detect a difference in mitochondrial function 

 

Tru-cut® samples from ischemic rat livers consistently demonstrated lower OXPHOS, ETC capacity and 

RCR relative to the normally perfused samples from the same liver lobe (Figure 20A, C, E).  These 

findings indicate damage to the ETC from the ischemic injury and that biopsies from Tru-cut® sampling 

were able to detect a difference in MF. 

 

To evaluate a pathological MF change I used resected human liver samples.  The average time from 

completion of the human liver resection to actual procurement of Tru-cut® samples from the resected 

specimen on the back-table was 12 minutes (range 6-16 minutes).  This time in combination with the 

previous surgical ischemic stress induced during liver resection (median 99 minutes, range 70-120 

minutes) was expected to be of sufficient duration to produce ischemic damage to the ETC.  Although the 

difference in some cases was modest, OXPHOS, ETC capacity and RCR from resected human liver 

specimens were consistently lower compared to the remnant liver (Figure 20B, D, F).
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Figure 19 Reproducibility of rat (n=6) and human (n=6) Tru-cut® liver biopsies at 1 hour (2 mg) 

  

Oxidative phosphorylation (A,B), electron transport system capacity (C,D) and respiratory control ratio (E,F) of individual 

replicates from rat and human liver are shown.  The mean is shown as a horizontal bar.  The data indicate that there is tight 

clustering of replicates around means.
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Figure 20 Utility of Tru-Cut® biopsies from matched perfused and ischemic liver tissue samples 

 

Oxidative phosphorylation (A,B), electron transport system capacity (C,D) and respiratory control ratio (E,F) of ischemic Tru-

cut® rat (n=6) and human (n=6) liver samples were consistently lower than biopsies from perfused liver samples.  **p<0.01 vs. 

perfused samples
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10.3.6 The Tru-cut® sample mitochondrial function was equivalent to gold standard permeabilised 

wedge biopsy samples 

 

There was no difference in the sample mass used in both groups (Tru-cut® biopsy: 2.75 ± 0.15 mg vs. 

permeabilized wedge biopsy: 2.75 ± 0.16 mg).  OXPHOS, ETS capacity and RCR in Tru-cut® samples 

were similar to permeabilized wedge biopsy samples (Table 49).  In some cases, Tru-cut® samples 

demonstrated significantly higher OXPHOS, ETS capacity and RCR (p<0.05).  These findings suggest 

that the Tru-cut® sample was equivalent, and in some cases superior, to the current “gold” standard of 

tissue processing for MF analysis: permeabilized samples from a large wedge tissue sample. 
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Table 49 Comparison of Tru-cut® versus permeabilised wedge biopsy sample 

Patient 
Mean flux ± SEM 

Tru-cut® biopsy 

Mean flux ± SEM 

Permeabilized wedge biopsy 

 Oxidative phosphorylation (pmol O2.s-1.mg wet wt-1) 

V 6.6 ± 0.3 7.4 ± 0.9 

W 6.5 ± 0.4* 3.08 ± 0.1 

X 23.7 ± 2.7* 10.0 ± 5.0 

Y 6.4 ± 0.7 5.2 ± 0.5 

Z 7.2 ± 2.6* 2.7 ± 0.4 

AA 8.8 ± 0.9 8.9 ± 1.9 

Mean 10.1 ± 1.9* 6.2 ± 1.1 

 Electron transport system capacity (pmol O2.s-1.mg wet wt-1) 

V 8.0 ± 0.4 9.4 ± 1.3 

W 8.7 ± 0.4* 4.2 ± 0.6 

X 23.5 ± 2.8* 12.3 ± 6.3 

Y 10.4 ± 0.5* 7.0 ± 0.4 

Z 9.4 ± 2.4 5.5 ± 1.2 

AA 11.7 ± 0.1 9.3 ± 2.5 

Mean 12.6 ± 1.6* 8.0 ± 1.2 

 Respiratory control ratio 

V 2.0 ± 0.2 2.5 ± 0.3 

W 2.3 ± 0.2* 1.5 ± 0.1 

X 3.7 ± 0.5 3.4 ± 1.1 

Y 5.5 ± 0.6* 2.7 ± 0.1 

Z 2.3 ± 0.2* 1.5 ± 0.1 

AA 3.1 ± 0.1* 2.5 ± 0.1 

Mean 3.6 ± 0.4* 2.4 ± 0.3 

SEM, Standard error of mean 

*p<0.05 vs. permeabilized samples (Paired t-test)
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10.4 Discussion 

 

In this study, I confirmed the feasibility of undertaking MF analysis on Tru-cut® liver biopsy samples.  I 

demonstrated that it is possible to evaluate MF using as little as 2 mg of liver tissue, which is less than half 

the sample obtained by a standard percutaneous 18G Tru-cut® biopsy.  The MF protocol was reproducible 

and able to detect differences in a range of samples.  This new MF tissue analysis method was comparable 

to the current “gold” standard of a much larger liver wedge sample.  To our knowledge, this is the first 

study to investigate the utility of MF in Tru-cut® biopsy samples from rodents and human patients. 

 

MD has been implicated in a wide range of human pathologies including sepsis and multiple organ 

dysfunction syndrome [419].  MF has also been identified in hepatic steatosis as a key predictor of organ 

well-being [211].  MF analysis may provide a useful tool in the research of various liver diseases.  

Currently there are no detailed clinical studies of liver MF as there are no simple methods of procuring 

tissue for assessing MF.  Here I show that MF analysis on very small biopsies can provide a new method 

for assessing hepatocyte function.   

 

A major barrier to routine clinical MF analysis is the large tissue requirement, making it necessary to 

obtain samples by open surgery [158, 159].  The development of high-resolution respirometry, combined 

with titration protocols, has provided a new method of standardized MF analysis [153].  This permits 

detection of small MF changes in small samples using a single assay employing a comprehensive 

sequential titration protocol [153].  This was the approach used for a pig livers study, where 30-40 mg, 

which was similar to an open wedge biopsy, was processed into 4-6 mechanically permeabilized 

subsamples of 2-7 mg prior to being successfully analysed [158].  A recent study has also shown that 

permeabilized liver samples had similar respiration rates as liver homogenate and indicated that there were 

no issues with diffusion in analyzing a permeabilized liver sample [420].  Furthermore, homogenization of 

such a small liver sample was found during our pilot investigation to be impractical with frequent and 

variable tissue loss to the homogenizer surfaces.  This led us to conclude that a whole-tissue processing 

approach was the best method for reliably analyzing such a small sample size.   

 

Our results suggest that MF analysis can be performed in 1.5-2.0 mg of rat liver Tru-cut® sample (Table 

47).  Consistent with the rat data, a human sample mass of 2.0 mg were also observed to have less 

variability than 0.5 or 1.0 mg (Table 48).  This confirmed that despite differences in metabolic capacities 

between species, 2 mg of human liver Tru-cut® specimen is sufficient to measure MF.  While this showed 
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the capacity to detect oxygen flux in very small liver samples, the significantly higher CVs of <1.0 mg 

samples also indicate that there is greater variation in very small liver samples (0.5~1.0 mg) (Table 47 and 

Table 48).  Importantly, these results indicate that only half of the Tru-cut® sample is required for MF 

analysis.  This leaves the remaining tissue sample for standard histological analysis, which remains central 

to the description and diagnosis of liver diseases [1].     

 

An important issue is the stability of the Tru-cut® sample in storage media, as this determines the urgency 

for analysis following sample procurement.  If MF deteriorates rapidly, it would not be feasible to apply 

this protocol clinically due to the logistics required for rapid transport of the sample to a laboratory for 

analysis within a short timeframe.  This may be facilitated by the presence of a high resolution oxygraph 

in the facility where liver biopsies are commonly performed.  Our results indicate that OXPHOS, ETS 

capacity and RCR of rat and human liver Tru-cut® samples were compromised after 60 minutes of cold 

storage (Figure 18).  These findings reflect the sensitivity of the electron transport CI to cold ischemia 

[158].  One of the major roles of CI is to pump protons across the inner mitochondrial membrane to assist 

in generating the proton gradient for ATP synthesis [419].  CI dysfunction leads to decreased ATP 

synthesis and impaired cellular function (CI flux contributes to approximately 2.5 ATP/oxygen molecule, 

CII approximately 1.5 ATP/oxygen molecule).  However, the MF decline seen was faster than expected or 

previously reported by others [158].  This may be due to the small size of the samples analysed, increasing 

their sensitivity to cold ischemia.  Our results suggest that Tru-cut® sample MF analysis should be 

performed within 60 minutes of procurement.  This 60 minute timeframe would provide a suitable 

practical time limit for sample transfer to the laboratory and processing in preparation for analysis. 

 

The reproducibility or precision of a new method is an important factor to consider for further studies.  

Clinical diagnosis and patient management relies on data produced with minimal doubt of the precision.  

Our data indicate that Tru-cut® sampling was reproducible in analyzing MF with low CV and tight 

clustering of replicates around means of rat and human liver OXPHOS, ETS capacity and RCR (Figure 

19).  Four to six replicates were chosen as this provides sufficient number of repeats to determine 

precision but also minimize the time required to obtain the samples.  Common laboratory tests were 

observed to have excellent precision (<10% CV) such that the main component to variation is biological 

variation [421, 422].  Our results suggest that the Tru-cut® protocol falls within these constraints. 

 

In addition to precision, a new diagnostic tool needs to be able to differentiate between “normal” and 

diseased states.  Minor changes in cellular biology are often hard to detect, but small MF changes may 
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indicate significant mitochondrial injury [153] and the ability to detect even subtle MF changes may 

improve therapeutic options.  I used hepatic ischemia as a form of induced pathological injury to test our 

assay.  Twenty minutes of ischemia generally delivers sufficient reversible injury [85], and I demonstrated 

that ischemic rat liver Tru-cut® samples consistently showed lower MF (Figure 20).   

 

I also demonstrated that the Tru-cut® MF assessment protocol can also detect a difference in MF in 

humans. No deliberate hepatic ischemia was induced in this study but the progressive loss of perfusion 

during the resection process was used as a method of inducing ischemia.  Additionally, the resected liver 

was left totally ischemic for an average of 12 minutes after completion of the resection before biopsies 

were taken. After this process I observed damage to the ETS.  While this response may be variable (Figure 

20) likely reflecting the variable time taken to resect the liver samples, resected liver specimen MF was 

consistently depressed.  The RCR, which is independent of mass-specific flux, appears to provide a very 

consistent downward response to ischemia.  Ischemic sample RCR were consistently lower than 2.5 

(range 1.6-2.3) while perfused samples were consistently higher than 2.5 (range 2.8-4.7) (Figure 20F).  

This suggest that a RCR of <2.5 may potentially be “abnormal” but will need further clarification.  Our 

findings confirmed the detection of ischemic ETS damage, and the potential utility of the Tru-cut® 

sampling to detect subtle MF changes. 

 

Wedge biopsies provide a large amount of tissue but are reliant on surgical resection.  Needle biopsies can 

be performed as an outpatient, and appropriately-sized and placed needle biopsies have been shown to be 

superior to wedge biopsies for histological analysis [1].  Consequently needle biopsy sampling is routinely 

performed.  The findings of our study open up the opportunity to add MF tests to the current biochemical 

and histological tests that are performed.  While I employed a relatively simple protocol, it is also possible 

to undertake a more detailed assay array that includes assessing Complexes I, II, and IV; F1/F0-ATP 

Synthase and ANT [153].  Moreover advances in fluorimetry systems, which attach to the oxygraph, 

permit the measurement of ATP synthesis or ROS [423].  Therefore there is a much greater capacity to 

gain considerable information beyond that presented here.    

 

For optimal MF analysis, substrates (including oxygen) must not be limiting, unless particular affinities 

for these substrates are being sought.  This requires permeabilization, homogenization or isolation in order 

to decrease diffusion distances [153].  Saponin or digitonin permeabilisation of tissues has been routinely 

used for MF analysis [159].  Without adequate substrate access, the analysis would inaccurately represent 

the sample’s mitochondrial population.  The current method used for liver tissue permeabilization includes 
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mechanical and/or chemical permeabilization of large liver samples to smaller samples [158].  I 

demonstrated that Tru-cut® samples were equivalent to permeabilized wedge biopsies in analyzing MF 

(Table 49).  Overall I consider that the Tru-cut® sample was more reflective of the specimen in 

comparison to the wedge biopsy sample.  Now that the conditions for sample collection have been 

developed, the use of standardised assay media, protocols and equipment; healthy baseline data in various 

clinical populations can be developed, which will provide a useful reference against which liver biopsies 

can be tested. 

 

One limitation is the potential error in weighing very small tissue samples, particularly samples of 0.5 mg.  

However, utilizing 2 mg of sample minimizes this error to an acceptable level.  I used UW solution 

because it is the most common preservation solution used in liver transplantation and has been used to 

preserve donor liver grafts for up to 24 hours [231].  However, it would be worth investigating alternative 

preservation media (e.g. HTK solution) as this may provide greater sample stability.  It is standard 

convention to take 1 or 2 needle biopsy samples.  There have been no previous studies on the association 

between liver anatomy and MF, and there may be some variation depending on where the biopsy is 

obtained.  Further studies will be required to evaluate this relationship.  It has to be acknowledged that 

needle biopsy is an invasive procedure and carries its own risk of bleeding (see Section 2.4.1) but it is still 

a relatively safe procedure and is commonly performed as a day-case. 

 

 

10.5 Summary 

 

We have demonstrated that Tru-cut® liver samples are suitable for routine MF analysis.  The Tru-cut® 

biopsy protocol was reproducible, has the potential to detect subtle MF changes and was superior to 

permeabilized wedge biopsy samples.  These findings suggest that percutaneous biopsies may have utility 

in the evaluation of liver bioenergetic status and offer additional information than is currently available 

with conventional biochemical and histological tests.
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Chapter 11 

Ob/ob mouse livers show decreased oxidative phosphorylation efficiencies and 

anaerobic capacities after cold ischemia 

 

 

11.1 Introduction 

 

In Chapter 5, the results of the systematic review suggest that impaired bioenergetics is involved in the 

susceptibility of steatotic livers to IRI.  A key component of cellular bioenergetics is the mitochondria 

(Section 2.7) and MD is one of the proposed mechanisms for explaining the poor outcome of steatotic 

livers post-transplant (Section 2.6.4).  Intact MF is therefore critical for cellular homeostasis as they 

provide the majority of ATP with a small contribution from anaerobic substrate metabolism.  Conversely, 

MD may lead to impaired cellular homeostasis and cell death (Section 2.8.4).  In the transplantation 

setting, the sum of any underlying functional metabolic impairment or acquired mitochondrial injuries 

resulting from steatosis may lead to the inability of hepatocytes to regain rapid and full function post-

transplantation. 

 

Cold ischaemic time is known to be a significant determinant of graft outcome and prolonged cold 

ischemia is associated with decreased graft survival [177].  MD following reperfusion has been shown to 

occur with prolonged cold ischemia [12] and steatotic livers [211].  This is likely to impair ATP synthesis 

during the critical time of its high demand during recovery after reperfusion.  Although experimental 

studies suggest that MD and decreased ATP levels occur after prolonged (>18 hours) cold ischaemia [12, 

211], a thorough investigation of steatotic liver MF exposed to a more clinically relevant 9-18 hours of 

cold ischemic storage time, is lacking.  No studies have also tested the impact of hepatic steatosis on 

hepatic anaerobic function, or on pH buffering capacity during cold storage.  Furthermore, there has been 

no prior parallel assessment of hepatic MF and ATP production rate during cold ischemia.  The current 

understanding of MD has been mostly based on absolute ATP level measurements, so there is still a 

significant deficit in the understanding of the underlying mitochondrial impairment in hepatic steatosis 

subjected to cold ischaemia [424].  Additional studies of steatotic liver MF after cold ischemia in 

physiological experimental conditions are required to improve our understanding of this disease process in 

order to inform management practices of the steatotic liver.
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Here we use the ob/ob mouse steatotic liver model, and this study is the first detailed time-course study of 

steatotic liver MF, ATP production, anaerobic and pH buffering capacity during clinically relevant 

durations of cold storage ischemia.     

 

 

11.2 Materials and methods 

 

All experiments were conducted in accordance with the regulations provided by the Guide for Care and 

Use of Laboratory Animals, and were approved by the University of Auckland AEC (Application number 

R788). 

 

 

11.2.1 Animals 

 

All reagents were purchased from Sigma-Aldrich (New South Wales, Australia) unless otherwise 

specified.  Male Lep(-/-) (ob/ob) and lean (control) C57/BL6J mice were kept under a 12:12-hour light/dark 

cycle (50-70% humidity, 20-24°C) with ad libitum access to standard chow (Teklad 2018, Harlan, 

Madison, WI) and water for 10 weeks (n=9 mice/group).   

 

 

11.2.2 Blood glucose measurement, glucose tolerance test and insulin tolerance test 

 

Blood glucose was measured as described in Section 8.4.  Mice were fasted overnight for 12-13 hours at 

age 8 and 9 weeks for GTT and ITT, respectively.  After intra-peritoneal injection of glucose (2 mg/g) or 

insulin (0.25 mU/g), tail blood glucose was collected at 15, 30, 60, and 120 minutes as outlined in Section 

8.5.  Mice were re-fed after GTT and ITT.   

 

 

11.2.3 Tissue collection 

 

Ten-week old animals were anesthetized by ip injection of phenobarbitone (>24 hours after ITT).  Tissue 

collections were performed 5-7 days after ITT to minimize any acute effect of ITT on liver metabolic 

status.  The time of tissue collection was similar for all mice (~0900-1000).  Multiple 4 mm3 liver biopsies 
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were collected and immediately stored in 1 ml of ice-cold UW solution (Section 16.11 for composition) 

until MF assessment.  The remaining liver was bisected then fixed in 10% NBF or snap-frozen in liquid 

nitrogen and stored at -80°C for later analysis.   

 

 

11.2.4 Histology 

 

Baseline (t=0) fresh liver samples were processed for H&E staining (Section 8.6.1) while baseline frozen 

liver samples were stained with ORO (Section 8.6).  An experienced liver histopathologist blinded to the 

treatment group examined the sections as described in Section 8.6.3.  

 

 

11.2.5 Permeabilised tissue preparation 

 

The liver was removed from UW solution and placed into ice-cold mitochondrial respiration media 

(MiRO5), and mechanically permeabilized as described in Section 8.1.1. 

 

 

11.2.6 Respiration assays and time-course analysis 

 

Mitochondrial respiration was measured after liver removal at 1.5 (“baseline”), 3, 5, 8, 12, 16 and 24 

hours, on matched independently stored tissue segments.  True (t=0) baseline analyses were not able to be 

performed due to the inherent time required for sample transport, preparation and permeabilization, so a 

first time-point (1.5 hours) was chosen as a baseline time to provide the same starting time-point for all 

sample analysis.  Respiration was measured in 2-mL chambers using an OROBOROS Oxygraph 2K, at 

37°C in mitochondrial respiration media, with a calculated saturated oxygen concentration of 190 nmol O2 

per mL at 100 kPa barometric pressure.  The permeabilised liver samples blotted dry on lint-free paper 

weighed 2-3 mg, and the weight-specific oxygen flux [pmol O2 (s.mg wet wt)-1] was calculated using the 

DatLab 4 analysis software. 

 

A multiple substrate-inhibitor titration protocol was used to explore relative contributions of CI, CII and 

CI+CII in the ETS.  Respiration states were defined according to Gnaiger [165], where LEAK respiration 

and OXPHOS was the flux measured before and after addition of ADP, respectively.  The assay was 
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performed as described in Section 8.2.1 with addition of Cytochrome C (10 μM) after LEAKCI was 

measured for assessment of outer mitochondrial membrane.  Atractyloside (0.25 mM) was used in this 

study to inhibit ANT to assess CI+CII leak (LEAKAtra).  Integrity of tissue preparations and comparison of 

coupling efficiencies were assessed from the respiratory control ratio (RCR, OXPHOS-CI/LEAKCI ratio). 

 

 

11.2.7 ADP and ATP analysis 

 

Basal hepatic ADP and ATP levels were measured in homogenates as described in Section 8.3.1.   

 

 

11.2.8 ATP production rate 

 

A separate cohort of animals (n=6 mice/group) were used to assess the net capacity of liver mitochondria 

to generate ATP on re-oxygenation and warming.  Liver samples were stored in ice-cold UW solution and 

removed at 1.5, 5, 8, 12, 16 and 24 hours after storage.  The liver sample was processed and placed in the 

Oxygraph as described above (Section 11.2.6).  Once a stable baseline oxygen flux was achieved, 

glutamate (10), malate (5), pyruvate (10) and succinate (10) were added.  Then 10 μL of media was 

removed from each chamber and ADP (1.25) was added.  The sampled aliquot was immediately mixed 

with 20 μL of ice-cold perchloric acid (3M).  Then 20 μL of 2M KHCO3 was added before 190 μL of 

Tris-Base (1M, pH 9.0) was added to neutralize the pH (7.5-8.0) and frozen in liquid nitrogen for future 

ATP analysis.  Six more 10 μL samples were taken at 10 second intervals and treated similarly. 

 

The aliquots were later thawed and centrifuged at 20,000g for 1 minute (4°C).  The supernatant ATP 

content was analyzed using a luciferase-based system (ATPliteTM, PerkinElmer, Massachusetts).  The 

ATP synthesis rate was determined from the change in ATP content from sequential samples.  This rate 

was divided by OXPHOS-CI,CII flux to provide a measure of ATP synthesis efficiency relative to amount 

of oxygen reduced (pmol ATP/pmol O2). 
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11.2.9 Complex I and Complex II activities 

 

Baseline hepatic CI and CII activities were measured from frozen liver samples as described in Section 

8.3.2. 

 

 

11.2.10 Citrate synthase and lactate dehydrogenase activities 

 

Baseline CS activity was measured as a surrogate for mitochondrial mass as described in Section 8.3.3.   

Baseline LDH activity was measured to provide a measure of the anaerobic ATP synthesis capacity as 

described in Section 8.3.4. 

 

 

11.2.11 Liver tissue buffering capacity 

 

Tissue buffering capacity of whole tissue and homogenate was compared between ob/ob and lean livers.  

A separate cohort of animals (n=7 mice/group) was used to assess the pH change within the liver sample 

during cold ischemia.  Liver samples were collected and stored in ice-cold UW solution.  Two 3.5 mm pH 

probes (IQ240, Hach Company, Loveland, Colorado, USA) were placed continuously in the UW solution 

and within the liver parenchyma, respectively, to measure the dynamic pH change over 24 hours of cold 

ischemia.  Non-bicarbonate tissue pH buffering was measured in ob/ob and lean liver homogenate from 

the initial cohort of animals (n=5 mice/group) to further compare tissue buffering capacity to acidosis.  

Tissue buffer capacity was determined between pH of 6.5-7.5 (20oC) as previously described [425].  Liver 

sections were weighed (95-108 mg) and homogenised in 20:1 volume of 0.9% NaCl and transferred into a 

magnetically stirred 2-mL glass vial with a water jacket held at 20oC.  The homogenate pH was adjusted 

to 6.5 with 0.2M HCl and then titrated using a 10 µl Hamilton syringe up to pH 7.5 by sequential addition 

of 0.2 µM NaOH.  The buffering capacity () was determined as  = µmol NaOH.Unit pH (6-7)-1.g wet 

wgt-1. 

 

 

11.2.12 Statistical and data analysis 

 

This was performed as described in Section 8.8 with post-hoc Tukey-Kramer analysis.
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11.3 Results 

 

11.3.1 Ob/ob mice are obese, glucose intolerant and insulin resistant 

 

Ten-week old ob/ob mice had increased body weight (48.3 ± 1.1 vs. 25.3 ± 0.3 g, p<0.01) and blood 

glucose level (16.1 ± 2.5 vs. 8.2 ± 0.3 mmol/L, p<0.01) relative to age-matched lean mice.  Ob/ob mice 

also showed glucose intolerance (p<0.001) and insulin resistance (p<0.001) relative to aged-matched lean 

mice (Figure 21). 

 

 

11.3.2 Ob/ob mice livers had steatosis 

 

The H&E staining showed that the lean mice livers had normal underlying tissue architecture whereas the 

ob/ob mice livers showed marked MaS changes (Figure 22).  The ORO staining showed that the lean mice 

livers were predominantly normal, although they did display some isolated patchy red staining (up to 20-

25%) that looked like a MiS pattern (Figure 22).  This observation was however consistent with other 

reports of ORO staining areas being observed in normal mice livers [426].  Conversely the ob/ob mice 

livers on ORO staining showed widespread and consistently severe (>90%) MaS, together with an 

associated minor component (<10%) of underlying MiS.  These expected ob/ob findings confirmed the 

utility of the model and were also consistent with reports of significant hepatic steatosis in this same 

model by other researchers [104].  
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Figure 21 Body weight, fasting blood glucose, glucose tolerance test (GTT) and insulin tolerance 

test (ITT) of ten-week old ob/ob and lean mice 
 

  

  

Ob/ob mice were significantly heavier (A) with significantly higher fasting blood glucose (B) than lean mice.  GTT (C) and 

ITT (D) were performed after 12-13 hours of fasting.  Compared to lean mice, ob/ob mice displayed glucose intolerance and 

insulin resistance.  Data are shown as mean ± SEM (n=9 mice/group; ob/ob, closed bar/closed circle; lean mice, open bar/open 

circle).  Analyses were performed using Students t-tests for body weight and fasting blood glucose; and two-way ANOVA for 

GTT and ITT.   

**p<0.01 

***p<0.001
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Figure 22 Liver histology of ob/ob and lean mice 

 

Liver tissue sections (4 µm) were stained for H&E (x20 magnification).  Insets/sections (10µm) were stained with ORO (x40 

magnification).  Representative slides are displayed and ob/ob livers (left, n=9) showed severe MaS on both H&E and ORO.  

Lean livers (right, n=9) showed no steatosis on H&E but ORO showed some patchy mild MiS.   
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11.3.3 Altered mitochondrial respiratory function in ob/ob liver 

 

11.3.3.1 Impaired Complex I respiration 

 

OXPHOS-CI was lower in ob/ob livers at 1.5 hours compared to lean livers and remained lower at all 

time-points with the statistically significant difference at 3 and 5 hours (Figure 23A), which was only 53% 

and 50% that of the lean livers, respectively.  The addition of exogenous Cytochrome c showed no 

significant flux increase indicating a functionally intact outer mitochondrial membrane in both groups.  

These results suggest there was an ETS impairment that progressively develops with cold storage 

duration, and it was significantly worse in steatotic livers. 

 

 

11.3.3.2 Increased activation of Complex II respiration 

 

OXPHOS-CI,CII flux was similar in both groups at 1.5 hours and remained stable over the duration of 

cold storage with no detectable difference between the groups (Figure 23B).  This measures OXPHOS 

from both CI and CII, which more closely represents in vivo respiration where the majority of the ETS is 

functional.  In the presence of rotenone (CI inhibitor), CII respirational flux was unchanged in both groups 

over time. 

 

The OXPHOS-CI/OXPHOS-CI,CII ratio (Figure 23C) enables assessment of the simultaneous effects of 

functional changes in both CI and CII.  OXPHOS-CI/OXPHOS-CI,CII ratio at 1.5 hours was lower in 

ob/ob livers compared to lean livers.  While this ratio decreased over the duration of cold storage for both 

groups, it was consistently lower in ob/ob livers and was statistically significant by 16 hours of cold 

storage.  The ob/ob livers indicate an earlier dependence on CII-based respiration supporting a likely 

underlying CI lability in ob/ob livers, which was accentuated by prolonged cold storage.  
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Figure 23 Mitochondrial function analysis of ob/ob and lean livers following different durations 

of cold ischemia (hours) 

  

 

(A) Ob/ob livers demonstrated lower OXPHOS-CI throughout cold ischaemia and were significantly lower from lean livers at 

earlier time points.  (B) OXPHOS-CI+CII did not differ between groups.  (C) After 8 hours of cold ischaemia, ob/ob and lean 

livers showed significantly lower CI respiration to CII respiration ratio compared to 3 hours of cold ischaemia.  Ob/ob livers 

also showed significantly lower CI/CII ratios compared to lean livers after 16 hours of cold ischaemia.  Data are shown as mean 

± SEM (n=9 mice/group; ob/ob, closed circle; lean livers, open circle).  Restricted maximum likelihood with post-hoc Tukey-

Kramer analysis was performed.   

*p<0.05 (vs. lean) 

#p<0.05 (vs. 3 hours)  
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11.3.3.3 Decreased mitochondria efficiency 

 

CI+CII leak (LEAKAtra) rate was assessed by addition of atractyloside (ANT inhibitor), which induces a 

respiration state dependent on proton leakage and specifically reflects mitochondrial membrane damage.  

LEAKAtra at 1.5 hours was similar in both groups.  However, ob/ob liver LEAKAtra rates started to diverge 

after 8 hours of cold storage with two-fold higher leak rates after 16 hours of cold storage relative to 

baseline (Figure 24A), while lean liver LAtra rates were not significantly changed over time (p=0.45).  

These data indicate that ob/ob liver mitochondria acquired more substantial and rapid mitochondrial 

membrane damage and proton leakage than lean livers.  

 

Ob/ob livers had lower overall RCR means compared to lean livers at all time-points (Figure 24B).  This 

became statistically significant after 16 hours of cold storage, where the ob/ob liver RCRs were 2.2 times 

lower than the corresponding lean livers.  After 12 hours of cold storage, ob/ob livers also showed 

decreased RCR values relative to their baseline and this was statistically significant after 16 hours of cold 

storage.  Lean livers demonstrated no significant change in RCR from baseline throughout the duration of 

cold storage.  These data indicate that the ob/ob livers deteriorate slowly in the first few hours of cold 

storage, but this change increased considerably after 8-12 hours so that by 16 hours, they were 

significantly worse than lean livers. 

 

 

11.3.3.4 No difference in maximal electron transport system capacity or Complex IV activity 

 

ETS capacity and CIV flux, which measures phosphorylation system control and CIV function, 

respectively, was similar between both groups throughout the period of cold storage.  Additionally, these 

measures showed no significant change in either group at all time-points.  
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Figure 24 Mitochondrial leak respiration and respiratory control ratio (RCR) of ob/ob and lean 

livers following different duration of cold ischemia (hours) 

 

(A) Ob/ob livers showed increased mitochondrial leak rates with progressive cold ischaemia and increased significantly after 

16 hours of cold ischaemia, while lean liver mitochondrial leak rates remained stable.   

(B) Ob/ob livers consistently showed lower RCRs compared to lean livers and differed significantly after 16 hours of cold 

ischaemia.  Ob/ob livers also demonstrated decreased RCR after 16 hours of cold ischaemia relative to 1.5 hours while lean 

liver RCR remained stable.  Data are shown as mean ± SEM (n=9 mice/group; ob/ob, closed circle; lean livers, open circle).  

Restricted maximum likelihood with post-hoc Tukey-Kramer analysis was performed.  

*p<0.05 (vs. lean) 

#p<0.01 (vs. 1.5 hours) 
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11.3.4 No difference in baseline ATP content but decreased net ATP production rate in ob/ob livers 

following cold ischemia 

 

Basal hepatic ADP and ATP contents (Table 50) were similar between the groups, which indicated that 

despite lower CI respiration, ob/ob livers maintained similar ATP levels in vivo.  However, net ATP 

production rate of ob/ob livers was lower at all time-points (Figure 25A), indicating decreased ATP 

regeneration capacity on reperfusion after a cold ischemic insult.  ATP production efficiency (pmol 

ATP/pmol O2) were significantly lower in ob/ob livers (Figure 25B).  Therefore, for every oxygen 

molecule consumed, ob/ob livers have a significantly lower net ATP production capacity. 

 

 

11.3.5 Assessment of mitochondrial content and ETS complex activities 

 

There was no difference in mitochondrial protein content between the two groups (Table 50).  Baseline 

CS activity was also similar between the groups (Table 50), indicating similar mitochondrial content in 

both groups.  The ob/ob livers had significantly lower baseline CI activities but similar basal CII activities 

as lean livers (Table 50).   

 

 

11.3.6 Ob/ob livers have lower anaerobic capacities and tissue pH buffering capacities 

 

Ob/ob livers had lower baseline LDH activities (Table 50), indicating an inherent decreased capacity for 

anaerobic ATP generation and reduction-oxidation maintenance.  Measurements of pH of the UW solution 

surrounding the stored livers were similar between the groups and remained stable throughout 24 hours of 

cold ischemia (Figure 26).  However, pH within the stored liver tissue itself declined 30% faster in the 

ob/ob livers than in lean livers (Figure 26; p<0.05) and was more acidotic (6.98 vs. 7.17; p<0.05) after 8 

hours of storage.  This finding was confirmed when we found the intrinsic liver tissue pH buffering 

capacity of ob/ob livers at baseline was 40% lower than lean livers (Figure 26; p<0.01).  These data 

indicated that ob/ob livers were not capable of buffering acidosis as effectively as lean livers. 
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Table 50 Baseline measurement of ADP and ATP contents; Complex I, Complex II, citrate 

synthase and lactate dehydrogenase levels in ob/ob and lean livers   

 Ob/ob livers Lean livers 

ADP (nmol/mg protein) 3.96 ± 0.29 3.93 ± 0.75 

ATP (nmol/mg protein) 8.81 ± 1.60 8.70 ± 1.20 

Complex I 

(nmol/min per mg protein) 
145.3 ± 34.8* 267.5 ± 37.2 

Complex II 

(nmol/min per mg protein) 
222.4 ± 35.2 281.3 ± 40.9 

Citrate synthase 

(milliunit/min per mg protein) 
473.1 ± 69.1 493.6 ± 25.1 

Lactate dehydrogenase 

(Unit/mg protein) 
2.38 ± 0.31** 5.72 ± 0.38 

Protein content 

(μg/mg tissue) 
53.3 ± 12.6 43.3 ± 6.8 

ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; Data are expressed as mean ± SEM (n=9 mice/group). *p<0.05 

vs. control livers 

**p<0.01 vs. lean livers 
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Figure 25 Net ATP production rate and ATP production rate relative to flux of ob/ob and lean 

livers following different duration of cold ischemia (hours) 

 

Ob/ob livers showed significantly lower net ATP production (A) and ATP production rate relative to flux (B) at all time points.  

Data are shown as mean ± SEM (n=6 mice/group; ob/ob livers, closed circle; lean livers, open circle).  Analyses were 

performed using two-way ANOVA.   

*p<0.05 (vs. lean) 
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Figure 26 UW solution and tissue pH of ob/ob and lean livers during cold ischemia; and baseline 

intrinsic tissue buffering capacity of ob/ob and lean livers 

 

(A) UW solution pH (ob/ob, closed square; lean, open square) remained stable during the whole duration of cold ischemia and 

did not differ between groups.  However, ob/ob livers demonstrated significantly lower tissue pH following 8-16 hours of cold 

ischemia compared to lean livers.  Ob/ob and lean livers demonstrated decreased tissue pH after 8 and 12 hours of cold 

ischemia, respectively, relative to 1.5 hours.  (B) Ob/ob livers also demonstrated significantly lower baseline tissue intrinsic pH 

buffering capacity.  Data are shown as mean ± SEM (n=9 mice/group; ob/ob, closed circle/bar; lean, open circle/bar).  Analyses 

were performed using two-way ANOVA for tissue pH and un-paired t-test for intrinsic tissue buffering capacity.   

**p<0.01 (vs. lean) 

***p<0.001 (vs. lean) 

#p<0.01 (vs. 1.5 hours) 
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11.4 Discussion 

 

In this study, we used ob/ob mice with established hepatic MaS.  Ob/ob livers demonstrated decreased 

baseline CI activity but similar baseline ATP contents compared to lean livers.  This study outlines a 

detailed assessment of MF in fatty livers, and was undertaken to characterize the interactions between cold 

storage and duration of preservation.  Ob/ob liver mitochondria had accelerated time-dependent cold 

ischemic damage compared to normal liver.  This was illustrated by a 2-fold increased proton leak and a 

two-fold decreased mitochondrial efficiency, resulting in impaired ATP production upon re-oxygenation 

after cold storage.  Ob/ob liver also had lower anaerobic capacities, indicating impaired substrate level 

phosphorylation capacities to synthesize ATP.  Ob/ob tissues were found to have attenuated intrinsic 

tissue pH buffering capacities making it prone to increased damage from acidosis.  These data 

demonstrate that ob/ob livers developed significant underlying impairments in mitochondrial aerobic and 

anaerobic ATP production capacities, which were further exacerbated by cold storage ischaemia.  This 

study was the first study to investigate the impact of hepatic steatosis on MF between the time-points of 9 

and 18 hours of cold ischemia.   

 

We focused on MF as it is crucial for normal cellular function as it generates 95% of cellular ATP in 

aerobic states and interruption of mitochondrial processes can disrupt cellular bioenergetics leading to cell 

death [14].  During ischemia, cellular ATP levels significantly decreases [12, 427] and following 

reperfusion, adequate MF providing sufficient ATP plays a key role in post-ischemic cellular recovery 

[428].  Hepatic steatosis is currently the most common hepatic abnormality encountered during liver 

surgery [11].  There is however emerging evidence that steatotic livers have impaired MF and this is 

associated with the increased susceptibility to IRI [132, 211].  In this study we have investigated in more 

detail how normal hepatic MF was altered by steatosis and cold storage. 

 

In this study, we confirmed that the ob/ob mice model demonstrated systemic characteristics of the 

metabolic syndrome with marked obesity, hyperglycaemia, glucose intolerance and insulin resistance 

(Figure 21).  It is acknowledged however that like most animal research disease models, it has limitations.  

In particular the ob/ob model is based on a genetic leptin deficiency that drives hyperphagia, but that 

underlying etiology is not considered a common cause in human hepatic steatosis pathophysiology [184].  

The ob/ob liver responses to cold preservation may therefore not entirely reflect all the responses of the 

human steatotic liver state.  The ob/ob mice model is nonetheless considered a useful model of hepatic 

steatosis and is widely used in steatotic research studies [104, 132].
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The ob/ob mice in our study showed consistent high grade MaS on histology by both H&E and ORO 

staining.  In contrast, the lean mice livers demonstrated normal tissue architecture on H&E staining.  They 

also showed largely normal appearances on ORO staining, although they did have some patchy 

background microvesicular-like staining.  This might have represented some degree of mild MiS; however 

some caution is needed in interpreting this observation.  ORO staining has the potential to “over-estimate” 

hepatic steatosis, as supported by the report of prominent sinusoidal ORO staining in ‘normal’ human 

livers [261].  Additionally, normal lean mice livers have been reported to show multiple small, but clearly 

ORO positive lipid droplets [426].  This is similar to the findings in our study.  Furthermore, we note that 

MiS is associated with normal outcomes in liver surgery and is considered to be of little significance to 

post-operative graft outcome [216, 217].  These observations are consistent with the normal physiological 

status of our own lean control mice.  Taken together, our findings and the literature suggest that some 

degree of underlying ORO microvesicular staining may be part of the spectrum of normal mice livers. 

 

CI is fundamentally important to the mitochondrial ETS and impaired CI respiration has a substantial 

impact on ATP synthesis [121].  We observed lower baseline CI activity in ob/ob livers by 46% and 

investigated how this altered during cold storage.  The data showed progressive CI impairment as well as 

an increasing dependence of ob/ob livers on CII respiration during cold storage.  As steatotic livers 

produce more ROS in vivo [218], they may potentially down-regulate CI activity to limit ROS generation 

and decrease mitochondrial damage, or more CI molecules are damaged.  Rat hearts subjected to ischemia 

showed decreased CI activities, a response thought to result from ROS damage to cardiolipin 

(mitochondrial inner membrane phospholipid) [429].  Similar effects may be accentuated in steatotic 

livers.  In addition mitochondrial membrane alterations that permit a decreased MMP could impede the 

electrogenic glutamate and pyruvate uptake, which all support CI flux [165].  While these explanations 

may account for the lower baseline CI activities within steatotic livers, when steatotic livers were 

subjected to a severe insult (prolonged cold storage), further decreases in CI function were observed, 

indicating further insults from any of the mechanisms suggested above. 

 

CII is the only mitochondrial membrane-bound enzyme involved in the citric acid cycle [430].  Our 

baseline CII results are consistent with a previous study that reported similar baseline CII enzyme activity 

in ob/ob and lean livers [132].  We also observed similar CII function in steatotic and lean livers 

throughout prolonged cold ischemia, consistent with reports that CII abnormalities are infrequently 

reported [378].  Additionally, intact CII function has been shown previously in cold storage of steatotic 

livers [211].  CII-mediated flux generates less ATP relative to CI-mediated flux, thus succinate-fuelled 
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respiration provides a less efficient ATP generation mechanism.  This may explain why CII activity 

cannot compensate for the impaired CI and further explain some of the decreased ATP production rate in 

steatosis, which adds to the slower recovery of steatotic livers post-transplantation.  

 

Despite underlying MF impairment, ob/ob livers were able to maintain an adequate cellular ATP level in 

vivo.  While some studies showed decreased baseline ATP levels within steatotic livers [104, 132], others 

reported similar ATP levels compared with lean livers [211].  However, under transplant preservation 

settings, ATP levels are rapidly depleted during prolonged cold ischemia of 18 hours [211] but there have 

been no studies before this time-point.  Therefore intact MF on reperfusion becomes paramount to cellular 

survival by providing rapid ATP re-synthesis to cope with the impact of reperfusion injury.  On re-

oxygenation following cold ischemia, ob/ob livers had significantly lower net ATP production rates in the 

presence of excess substrates and supra-physiological oxygen, a result that now explains other studies that 

reported lower post-reperfusion steatotic liver ATP content compared to lean livers [104, 132].  We 

extended this to show that ATP production was depressed in ob/ob livers regardless of cold storage times. 

 

The mechanism for the impaired ATP production rate is likely to be multi-modal.  As well as attenuated 

CI activity, we showed there were alterations to the inner membrane integrity as shown by the increased 

LEAKAtra respiration, consistent with some who have reported that isolated ob/ob liver mitochondria have 

greater proton leak rates relative to lean liver mitochondria [431].  Increased membrane leakiness may be 

due to altered mitochondrial membrane composition.  Increased mitochondrial cholesterol loading was 

shown to lead to decreased mitochondrial membrane fluidity with impaired adenonucleotide translocase 

function [432], suggesting a difference in the mitochondrial membrane composition in steatosis may play 

a role in the response to cold ischemia.  Our finding of depressed ob/ob liver RCR values strongly support 

a leakier inner mitochondrial membrane, which leads to a decreased ability to rapidly recover ATP 

synthesis capability in the critical reperfusion phase.  Importantly our data were generated using 

permeabilised tissues, a method shown to better reflect in vivo MF [372].  Furthermore, the only study into 

steatotic liver mitochondrial function during cold ischemia was performed at a non-physiological 

temperature of 30°C and in isolated mitochondria [211].  Mitochondrial respiration is temperature-

dependant, in particular LEAK state respiration, which decreases relative to phosphorylating respiration 

flux (and therefore raises the RCR) [311]. The process of mitochondrial isolation disrupts mitochondrial 

structure and introduces bias by preferential selection of healthy mitochondria [433].  Our study adjusts 

for these confounding factors by analyzing mitochondrial function at 37°C and in permeabilised tissues.
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Despite the described CI impairment and increased proton leak, other ETS aspects appear intact in ob/ob 

liver mitochondria.  Our findings of similar ETS capacities between steatotic and lean livers are consistent 

with another study [211], and suggests that ob/ob liver mitochondria have at least a similar turnover of 

oxygen.  However, our evidence of lower CI activity would suggest that the flux contributions from CI 

and CII at the Q-junction [373] differ.  Additionally, CS activity was similar across groups, indicating that 

MF differences results from functional mitochondrial impairment and not decreased mitochondrial mass.  

We note that this study did not measure specific mitochondrial substrate oxidation function and so future 

studies could consider measurement of these to give a more complete perspective of the mitochondrial 

response to cold ischemia. 

 

During anoxia, anaerobic glycolysis generates ATP through reduction of pyruvate to lactate by LDH, and 

this is important during prolonged cold storage [152].  However, sustained and inefficient anaerobic 

glycolysis promotes acidosis, and acidosis inactivates glycolytic enzymes through the Pasteur effect to 

further suppress ATP synthesis [149].  Protons released from ATP hydrolysis together with attenuated 

mitochondrial and anaerobic capacities in steatotic livers (less LDH) will further promote acidosis as ATP 

production consumes protons.  Under ischemic conditions, the usual major bicarbonate pH buffering 

system cannot operate due to lack of clearance by local venous perfusion and pulmonary carbon dioxide 

removal.  Ischemic hepatocytes must rely on other intracellular di-peptides and protein buffering agents 

such as those containing L-histidine [149].  Our study was the first to demonstrate that ob/ob livers had 

impaired acid buffering capacities compared to lean livers and generated a greater amount of proton 

accumulation during cold ischemia.  This may have implications for further research into cold storage for 

steatotic livers. 

 

Tissue acidosis is a key inhibitor of respiration and is most extensively studied in skeletal muscle where 

mitochondria show depressed OXPHOS, and elevated LEAK fluxes following exposure to lactate-induced 

acidosis at physiologically relevant levels (pH 6.38, 8 mM) [434].  MMP may also decrease with acidosis 

[434].  Thus proton accumulation may account for the elevated leak respiration and depressed RCRs 

observed in steatotic ob/ob livers, which is consistent with damaged inner mitochondrial membranes.  The 

transplantation situation presents an additional challenge for the poorly pH buffered steatotic livers, as 

unlike skeletal muscle, livers must accommodate their own internally derived acidosis, as well the 

systemic lactate accumulation from the anhepatic period [435].  On reperfusion lactate is mostly cleared 

aerobically by the liver and insufficient hepatic lactate clearance is a primary indicator of liver graft non-

function [435].
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Currently, there are no formal guidelines on steatotic donor liver allocation but prolonged cold ischemia is 

avoided for steatotic livers [11].  A recent study of 5051 patients post-transplantation indicated that >30% 

MaS, cold ischemia of >5 (<11) hours and >11 hours were all independent risk factors associated with 

graft loss [7].  Our results suggest that steatotic rodent liver MF started to deteriorate between 5-8 hours of 

cold ischemia.  This supports a policy of shorter cold ischemic times if using a steatotic liver donor [7].  

Although the inherent CI dysfunction would still be present, shortening the cold ischemic time to <5 hours 

may prevent the development of membrane leak, an avoidable acquired MF damage during prolonged 

cold ischemia.  Additionally, the shortened cold ischemic time may also forestall steatotic liver tissue 

acidosis and prevent further acidosis-related impairment of mitochondrial respiration.   

 

 

11.5 Summary 

 

In this study we have provided a new detailed analysis of the interaction between steatosis and MF.  With 

the increasing prevalence of marginal donors, improving our understanding of the underlying mechanism 

of steatotic liver susceptibility to cold ischemic damage is critical.  Our results highlighted the role of MF 

and ATP production in the susceptibility of steatotic livers to cold ischemia.  Steatotic rodent livers 

develop inherent MF impairment and further acquire time-dependant mitochondrial damage following 

prolonged cold ischemia that was multi-factorial.  A key time-point has emerged that damage accelerates 

after 5-8 hours of cold storage with an upper threshold of 12 hours.  We can now offer a mechanistic 

rationale for the use of shortened cold ischemic times and prevention of pathological mitochondrial leak.  

Further studies into the nature of acquired ETS complex damage from steatosis and cold storage are now 

planned. 
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Chapter 12 

Mitochondrial dysfunction in steatotic rat livers occurs because a defect in Complex-I 

makes the liver susceptible to prolonged cold ischemia  

 

 

12.1 Introduction 

 

In the previous chapter, the impact of steatosis on hepatic MF subjected to prolonged cold ischemia was 

demonstrated in a mice model.  The impairment of CI and subsequently ATP production in steatotic livers 

supports the findings discussed in the systematic review presented in Chapter 5.  Prolonged cold ischemia 

was also shown to be a key factor in the interaction between steatosis and MF, which was consistent with 

Spitzer et al. that 11 hours of cold ischemia was a key time-point for graft survival in grafts with >30% 

steatosis [7].  Improving our understanding of MF during cold ischemia may lead to potential 

mitochondrial modulation or treatment modalities to attenuate mitochondrial impairment and improve 

steatotic liver outcome.   

 

In Chapter 6 and 7, IPC has been shown to decrease injury in steatotic liver after resection in experimental 

[279] and clinical [20] settings.  Steatotic livers subjected to IPC are also reported to have greater ATP 

levels during cold ischemia [345] and post-reperfusion [279] relative to non-preconditioned livers.  Recent 

reviews of the underlying mechanisms of either IPC [18, 174] or steatotic liver MF in post-transplant graft 

failure [436] reveal that the time-dependent MF effects of IPC are yet to be described for steatotic livers 

subjected to varying durations of cold ischemia.  The effects of IPC on MF from livers of varying severity 

of hepatic steatosis during cold ischemia have also not been previously reported.  

 

Based on the findings from Chapter 11, the aims of the present study were to evaluate in a rodent model of 

diet-induced graded hepatic steatosis: the impact of steatosis on hepatic MF following various durations of 

cold ischemia and the effect of prior IPC on steatotic liver MF in these conditions.  
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12.2 Materials and methods 

 

All reagents were purchased from Sigma-Aldrich (New South Wales, Australia) unless otherwise 

specified (Chapter 8).   

 

 

12.2.1 Animals 

 

Experiments were approved by the University of Auckland AEC.  Male Sprague-Dawley rats were 

randomized at weaning to receive standard normal chow (Teklad TB 2018; Harlan, Madison, WI) or 

HFHS (Section 9.4) and cared for as described in Section 9.9.  All surgical procedures and measurements 

were performed between 07:00-09:00 am to avoid any underlying circadian variation.   

 

 

12.2.2 Experimental design 

 

Rats were randomized to 1, 2 or 4 weeks of HFHS feeding to induce progressive degrees of hepatic 

steatosis (1w-Steatotic, 2w-Steatotic or 4w-Steatotic; n=16 each) as per Section 9.4.  Matched rats were 

fed control chow (1w-Lean, 2w-Lean or 4w-Lean; n=16 each).  The rats were further randomised to 

receive either IPC or ‘no-IPC’ (Sham) (n=8 each group).   

 

 

12.2.3 Blood glucose and insulin-tolerance test  

 

Blood glucose was measured from a needle tail stab (see Section 8.4).  ITT was performed after 12-13 

hour fasting at 1, 2 and 4 weeks (>24 hours before surgery) as described in Section 8.5 with measurement 

of tail BG at 5, 15, 30, 60, and 120 minutes respectively. 

 

 

12.2.4 Surgical procedure 

 

The procedure and tissue collection was performed as described in Section 9.9.3 and Section 9.9.4, 

respectively.  The liver core biopsies were collected from the median lobe.
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12.2.5 Histology 

 

Baseline (t=0) samples were processed for H&E (Section 8.6.1) and ORO (Section 8.6.2) staining while 

grading of steatosis was performed as described in Section 8.6.3.  

 

 

12.2.6 Mitochondrial function homogenized tissue preparation 

 

The liver (20-40mg) was removed from UW solution and homogenized as described in Section 8.1.2.  A 

100 μL aliquot was used for immediate MF analysis and the remainder frozen at -80°°C for later analysis. 

 

 

12.2.7 Time-course respiration assays 

 

Mitochondrial respiration was measured at 1.5, 4, 8, 12, 18 and 24 hours after liver removal.  Respiration 

was measured in 2-mL chambers of OROBOROS Oxygraph 2K (see Section 8.2).  50 μL of liver 

homogenate (2-4 mg liver tissue) was used in each chamber.  CS-normalized oxygen flux (pmol O2.s
-1.U 

CS-1) was calculated using DatLab 5 software.  For simultaneous MMP detection, safranin-O (5 μM final 

concentration) was added to each chamber before sample placements. 

 

A published multiple substrate-inhibitor titration protocol was employed to explore relative contributions 

of CI and CII in the ETS [373].  The assay protocol steps are described in Section 8.2.2.  The comparison 

of CI and CII coupling efficiencies were made from RCR-1 and RCR-2, respectively.     

 

 

12.2.8 Baseline hepatic mitochondrial function 

 

A separate cohort of 4w-Steatotic and 4w-Lean rats (n=6 rat/group) were used to assess baseline (Time 0) 

hepatic MF.  After isofluorane inhalation and laparotomy, liver samples were taken from the median lobe 

without prior perfusion of UW and within 5 minutes placed in the Oxygraph before undergoing a similar 

titration protocol as described above (Section 12.2.7).
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12.2.9 Determination of mitochondrial membrane potential 

 

MMP was measured simultaneously with the mitochondrial flux assessment using purpose-built 

fluorospectrometers that used the viewing window of the oxygraph (Section 8.2.3).   

 

 

12.2.10   Citrate synthase 

 

Liver homogenate from the mitochondrial respiration assays was analysed for CS activity as an accepted 

indicator of mitochondrial mass.  Frozen liver homogenate was thawed and CS activities were determined 

as described in Section 8.3.3.   

 

 

12.2.11 Complex I & Complex II activities 

 

The hepatic CI and CII enzyme activities were determined from frozen samples as described in Section 

8.3.2.   

 

 

12.2.12 Statistical and data analysis 

 

This was performed as described in Section 8.8. 
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12.3 Results 

 

12.3.1 Rats fed high-fat/high-sucrose diet were obese but still insulin sensitive 

 

Baseline bodyweight of rats in the control and HFHS group were both 52 ± 1g.  After 1 week of feeding, 

bodyweights of rats fed HFHS started to diverge from control rats with average weight of 93 ± 2g 

compared to 98 ± 2g (p<0.05, Figure 27A).  This difference increased with the duration of feeding.  

HFHS-fed rats weighed 131 ± 4 and 310 ± 7g versus 121 ± 2 and 252 ± 7g after 2 and 4 weeks of feeding, 

respectively (p<0.01).  Following randomization to Sham or IPC, there was no difference in bodyweight 

between the groups.   

 

HFHS-fed rats had significantly higher random BG compared to lean: 6.9 ± 0.1, 7.2 ± 0.1 and 6.9 ± 0.1 

mmol/L versus 5.2 ± 0.1, 5.5 ± 0.1 and 4.8 ± 0.1 mmol/L after 1, 2 and 4 weeks of feeding, respectively 

(p<0.01).  All HFHS-fed rats were still insulin sensitive (Figure 27B). 

 

 

12.3.2 Rats fed high-fat/high-sucrose had hepatic steatosis 

 

Rats fed 1, 2 and 4 weeks of HFHS developed an average of 6% (range 5-10%), 42% (range 30-55%) and 

65% (range 60-75%) MaS respectively (Figure 27D-F).  There was no difference in severity of the 

steatosis of the Sham operated and IPC treated groups.  All control rat livers had normal histology (Figure 

27C).  There were no signs of fibrosis or inflammation in any of the groups consistent with a model of 

simple steatosis. 
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Figure 27 Body weight, insulin tolerance tests and histology of Sprague-Dawley rats fed high-

fat/high-sucrose (closed circle) and control (open circle) diet 

  

  
 

  
 

HFHS-fed rats were significantly heavier than rats fed control chow (A).  There was no difference in the ITT for any feeding 

duration and a representative graph from the longest duration feeding 4-week group is shown (B).  Liver tissue sections (4 µm) 

were stained for H&E (x20 magnification).  Insets/sections (10 µm) were stained with ORO (x40 magnification).  

Representative slides are displayed and all lean livers (C, n=48 rats) had normal histology.  HFHS-fed rats displayed mild (D), 

moderate (E) and severe (F) MaS following 1, 2 and 4 weeks of feeding, respectively (n=16 rats/group).  Data are shown as 

mean ± SEM (n=16 rat/group).  Statistical analyses were performed using Students t-tests for body weight.  

* p<0.05 vs. aged-matched lean rats 

**p<0.01 vs. aged-matched lean rats 
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12.3.3 Baseline (Time 0) mitochondrial enzyme activities and respirational function 

 

There was no difference in CI activity between 1w-Lean+Sham and 1w-Steatotic/Sham livers (Table 51).  

However, CI activity was significantly lower in 2w-Steatotic+Sham (78%) and 4w-Steatotic+Sham (77%) 

livers compared to matched Lean+Sham livers.  CII activity was similar between both types of livers 

across the different matched comparison groups.  There was no difference in the range of baseline MF 

measurements between severely steatotic livers and matched lean livers (Table 52).  These data indicate 

that there was a decrease in baseline CI activity in the moderate and severe but not mildly steatotic livers.  

Despite this decrease in CI activity, baseline MF remained similar even in severe hepatic steatosis.  
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Table 51 Baseline (Time 0) hepatic Complex I and Complex II activity 

 

Mean ± SEM 

Complex I activity 

[nmol/(min*mg protein)] 

Mean ± SEM 

Complex II activity 

[nmol/(min*mg protein)] 

1w-Lean+Sham 111.1 ± 4.3 118.6 ± 7.3 

1w-Steatotic+Sham 100.5 ± 9.1 115.6 ± 8.6 

2w-Lean+Sham 115.8 ± 7.9 120.3 ± 8.3 

2w-Steatotic+Sham 90.5 ± 8.1* 111.1 ± 9.5 

4w-Lean+Sham 110.8 ± 6.9 115.6 ± 5.9 

4w-Steatotic+Sham 85.6 ± 5.9* 108.6 ± 6.2 

SEM, Standard error of mean; n=8 rat/group  

*p<0.05 vs. age-matched lean livers 

 

 

 

 

Table 52 Baseline mitochondrial functions of severely steatotic and lean livers 

 

Mean flux ± SEM 

4w-Steatotic+Sham livers 

(pmol O2.s-1.U CS-1) 

Mean flux ± SEM 

4w-Lean+Sham livers 

(pmol O2.s-1.U CS-1) 

LEAKCI respiration 27.7 ± 1.6 24.1 ± 2.5 

OXPHOS-CI 142.2 ± 9.1 134.8 ± 8.8 

OXPHOS-CII 566.2 ± 28.9 521.2 ± 32.1 

LEAKCII respiration 115.1 ± 8.4 94.4 ± 11.7 

ETS capacity 541.5 ± 21.4 469.9 ± 46.6 

RCR-1  

(OXPHOS-CI / LEAKCI) 
5.2 ± 0.4 6.0 ± 0.5 

RCR-2  

(OXPHOS-CII / LEAKCII) 
5.4 ± 0.4 5.1 ± 0.3 

CI, Complex I; CII, Complex II; CS, Citrate synthase; ETS, Electron transport system; OXPHOS, Oxidative phosphorylation; 

RCR, Respiratory control ratio; SEM, Standard error of mean; n=6 rat/group  
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12.3.4 Impaired mitochondrial function in sham steatotic livers after prolonged cold ischaemia 

 

12.3.4.1 Decreased oxidative phosphorylation efficiency due to increased inner membrane leak 

 

LEAKCI was consistently higher in sham steatotic livers with two-fold higher LEAKCI rates from 4 hours 

of cold ischemia onwards in 2w-Steatotic+Sham and 4w-Steatotic+Sham livers compared to lean livers 

(Figure 28C/E) over time.  While OXPHOS-CI fluxes were similar between both liver types throughout 

cold ischemia at all age groups (Table 53), RCR-1 were significantly lower in 1w-Steatotic+Sham group 

(62%), 2w-Steatotic+Sham (60%) and 4w-Steatotic+Sham livers (63%) compared to matched lean livers 

from 8, 1.5 and 1.5 hours onwards, respectively (Figure 28B/D/F).  These data are consistent with 

steatotic livers developing increased inner membrane permeability during cold ischemia leading to 

decreased RCRs.  

 

 

12.3.4.2 Complex II is unaffected during cold ischemia duration 

 

OXPHOS-C-II flux rate was stable throughout cold ischemia in all the livers studied and was generally 

higher in steatotic livers compared to the lean livers (Table 53).  The RCR-2 was similar between 1w-

Steatotic+Sham and 1w-Lean+Sham livers but was significantly increased in 2w-Steatotic+Sham (2-fold) 

and 4w-Steatotic+Sham livers (3-fold) compared to matched lean livers throughout the duration of cold 

ischemia (Figure 29B,C).  These data indicate that CII function was unaffected by prolonged cold 

ischemia and there was increased C-II efficiency in >30% steatosis. 

 

 

12.3.4.3 No difference in electron transport system capacity supported by Complex II 

 

There was no significant change in ETS capacity throughout cold ischemia in all the livers studied (Table 

53).  This was demonstrated with CII substrates and indicates that there is an intact ETS downstream of 

CII. 
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Figure 28 Complex I leak and respiratory control ratio-1 of lean (open circle) and steatotic 

(closed circle) sham livers following different durations of cold ischemia (hours).   

 

1w-Sucrose+Sham livers demonstrated similar LEAKCI rate to 1w-Lean+Sham livers (A) whereas 2w-Steatotic+Sham (C) and 

4w-Steatotic+Sham (E) livers showed increased LEAKCI, which was significantly higher than lean livers after 4 hours of cold 

ischemia.  (B) 1w-Steatotic+Sham livers consistently demonstrated significantly lower RCR-1 compared to 1w-Lean+Sham 

livers after 8 hours of cold ischemia.  2w-Steatotic+Sham (D) and 4w-Steatotic+Sham (F) livers demonstrated significantly 

lower RCR from the onset of cold ischemia.  Data are shown as mean ± SEM (n=8 rat/group).  

*p<0.05 vs. aged-matched lean livers 
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Table 53 Complex I and Complex II oxidative phosphorylation, and maximal electron transport system capacity of lean and steatotic 

sham livers during cold ischemia 

Complex I oxidative phosphorylation (pmol O2.s-1.U CS-1, Mean ± SEM) 

Duration of cold 

ischemia (hours) 
1.5 4 8 12 18 24 

1w-Lean+Sham 211.7 ± 19.9 187.5 ± 16.6 199.8 ± 22.7 190.2 ± 22.4 145.1 ± 15.4 174.9 ± 19.3 

1w-Steatotic+Sham 288.1 ± 28.1 246.8 ± 22.3 211.6 ± 22.7 156.8 ± 22.7 114.0 ± 15.6 175.5 ± 17.7 

2w-Lean+Sham 229.1 ± 16.7 201.5 ± 24.8 195.5 ± 21.1 173.9 ± 17.6 124.4 ± 17.8 176.9 ± 21.7 

2w-Steatotic+Sham 274.8 ± 16.5 271.1 ± 28.0 244.2 ± 31.8 202.9 ± 14.7 149.8 ± 15.3 213.0 ± 29.6 

4w-Lean+Sham 281.0 ± 15.9 222.3 ± 26.8 268.9 ± 36.1 228.7 ± 21.9 156.1 ± 28.5 142.7 ± 14.8 

4w-Steatotic+Sham 336.8 ± 17.7 272.5 ± 25.3 272.3 ± 13.3 259.6 ± 15.2 204.7 ± 14.5 201.8 ± 21.1 

Complex II oxidative phosphorylation (pmol O2.s-1.U CS-1, Mean ± SEM) 

Duration of cold 

ischemia (hours) 
1.5 4 8 12 18 24 

1w-Lean+Sham 382.1 ± 32.4 388.3 ± 34.5 414.3 ± 43.6 411.3 ± 43.4 399.9 ± 32.7 490.9 ± 40.9 

1w-

Steatotic+Sham 
562.8 ± 46.9 548.2 ± 44.1 521.8 ± 44.8 443.9 ± 45.7 412.1 ± 37.8 542.2 ± 46.3 

2w-Lean+Sham 399.1 ± 27.8 341.7 ± 26.9 317.4 ± 25.3 335.4 ± 29.6 321.4 ± 25.8 447.2 ± 25.4 

2w-

Steatotic+Sham 
519.3 ± 32.3 563.3 ± 57.4 518.1 ± 56.5 471.2 ± 30.3 454.4 ± 54.2 606.7 ± 62.2 

4w-Lean+Sham 543.2 ± 30.9 432.3 ± 25.7 475.2 ± 39.0 374.9 ± 15.8 409.6 ± 38.2 393.6 ± 17.8 

4w-

Steatotic+Sham 
525.0 ± 30.7 498.1 ± 23.6 515.9 ± 23.4 524.9 ± 34.2 485.1 ± 33.1 510.5 ± 61.0 
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CS, Citrate synthase; SEM, Standard error of mean; n=8 rats/group 

 

Electron transport system capacity (pmol O2.s-1.U CS-1, Mean ± SEM) 

Duration of cold 

ischemia (hours) 
1.5 4 8 12 18 24 

1w-Lean+Sham 464.9 ± 36.5 473.6 ± 38.1 495.2 ± 49.6 493.4 ± 48.5 458.8 ± 43.7 552.4 ± 54.7 

1w-

Steatotic+Sham 
632.1 ± 69.7 623.4 ± 58.3 567.0 ± 55.8 503.3 ± 59.4 432.6 ± 37.5 555.1 ± 53.4 

2w-Lean+Sham 472.6 ± 26.3 416.8 ± 29.0 368.3 ± 31.6 399.6 ± 33.5 381.4 ± 28.2 544.5 ± 30.7 

2w-

Steatotic+Sham 
585.2 ± 44.1 628.9 ± 61.8 593.9 ± 65.0 560.2 ± 37.4 536.2 ± 62.9 681.1 ± 70.1 

4w-Lean+Sham 709.2 ± 58.9 508.4 ± 27.8 561.3 ± 50.5 501.8 ± 34.9 450.7 ± 53.0 445.1 ± 28.2 

4w-

Steatotic+Sham 
614.5 ± 41.6 587.8 ± 37.4 638.5 ± 36.9 652.2 ± 47.1 654.0 ± 25.6 639.7 ± 67.4 
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Figure 29 Respiratory control ratio-2 of lean (open circle) and steatotic (closed circle) sham 

livers following different duration of cold ischemia (hours) 

 

1w-Steatotic+Sham livers (A) demonstrated similar RCR-2 to 1w-Lean+Sham livers whereas 2w-Steatotic+Sham (B) and 4w-

Steatotic+Sham (C) livers demonstrated significantly higher RCR-2 than lean livers during cold ischemia.  Data are shown as 

mean ± SEM (n=8 rat/group).  

*p<0.05 vs. aged-matched lean livers 
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12.3.4.4 Effect of ischemic preconditioning on liver mitochondrial function 

 

All lean livers subjected to IPC demonstrated similar MF to sham lean livers.  These data indicate that IPC 

had no effect on lean liver MF subjected to cold ischemia.  LEAKCI was significantly lower in 1w-

Steatotic+IPC livers (75%) for up to 8 hours of cold ischemia compared to 1w-Steatotic+Sham livers 

(Figure 30A).  The RCR-1s were therefore significantly higher in 1w-Steatotic+IPC livers (1.4 fold) at all 

time-points and were comparable to 1w-Lean+Sham livers (Figure 30B).  These results show that IPC 

attenuates inner membrane leak in mild steatotic livers leading to improved RCR-1s during cold ischemia.  

MF of 2w-Steatotic+IPC and 4w-Steatotic+IPC livers was observed to be similar to age-matched 

untreated steatotic livers.  These results indicate that moderate and severe steatotic liver MF is not 

benefitted by IPC during cold ischemia. 
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Figure 30 Complex I leak and respiratory control ratio-1 of sham (closed circle) and 

preconditioned (closed square) mild steatotic livers following different duration of cold ischemia 

(hours) 

 

(A) 1w-Steatotic+IPC demonstrated lower LEAKCI at earlier time-points of cold ischemia compared to 1w-Steatotic+Sham 

livers.  (B) 1w-Steatotic+IPC demonstrated significantly higher RCR-1 compared to 1w-Steatotic+Sham livers during cold 

ischemia and it was comparable to 1w-Lean+Sham livers.  Data are shown as mean ± SEM (n=8 rat/group).  

*p<0.05 vs. 1w-Steatotic+IPC livers 
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12.3.4.5 Mitochondrial membrane potential remained stable during cold ischemia and was 

unaffected by ischemic preconditioning 

 

CI and CII derived MMP was stable throughout the duration of cold ischemia in all sham livers (Figure 

31).  There was also no significant difference in CI or CII derived MMP between control and steatotic 

livers during cold ischemia (Figure 31).  There was also no difference in MMP between IPC and sham 

livers during cold ischemia.  There was a gradual decrease and increase in CI and CII MMP respectively, 

in all livers during prolonged cold ischemia (Figure 31).  This indicated that CI gradually lost its ability to 

generate MMP while CII appears to compensate by increasing its capacity to generate MMP.   
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Figure 31 Mitochondrial membrane potential of lean (open circle) and steatotic (closed circle) 

sham livers following different duration of cold ischemia (hours)   

 

Steatotic livers demonstrated similar CI (A,C,E) and CII (B,D,F) derived MMP compared to lean livers.  During cold ischemia, 

CI and CII MMP trended downwards and upwards, respectively, in all livers studied.  Data are shown as mean ± SEM (n=8 

rat/group). 
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12.4 Discussion 

 

We have demonstrated that moderate and severe steatotic livers have an impairment in mitochondrial CI 

activity compared to normal liver.  Moderate-severe steatotic livers also had decreased baseline isolated 

CI enzyme activity relative to lean livers.  The mitochondria from all steatotic liver groups developed 

time-dependant cold ischemic damage with increased leak state respiration rates leading to decreased 

OXPHOS efficiency.  This was represented by decreasing RCR-1s with increasing preservation time.  

Livers with >30% steatosis develop this impairment more rapidly (1.5 hours) compared to livers with 

<30% steatosis (8 hours). IPC improved OXPHOS efficiency (RCR-1) in mildly steatotic livers following 

cold ischemia but failed to provide protection in the presence of moderate and severe steatosis.  Taken 

together, these data indicate that steatotic livers are more susceptible to prolonged cold ischemia due to an 

acquired CI inefficiency and IPC only attenuates this effect in mild steatotic livers.   

 

Experimental models of hepatic steatosis have been extensively studied, and the experimental model that 

best represents clinical steatosis results from a diet high in carbohydrate and fat [390].  Rodents fed HFHS 

diets develop the metabolic syndrome and hepatic steatosis.  I confirmed that rats fed HFHS developed 

increased body weight and graded hepatic MaS with increased duration of feeding; and this to my 

knowledge is the first report on use of this particular dietary model of steatosis in an organ preservation 

study.  Unexpectedly, the HFHS-fed rats remained insulin sensitive despite developing severe steatosis.  

While hepatic steatosis associates with insulin resistance, hepatic steatosis has been shown to develop 

prior to development of insulin resistance [437].  This suggests that in some cases hepatic steatosis is 

independent, or a cause rather than a consequence of insulin resistance, and results from complex 

physiological interactions between the metabolic syndrome and hepatic steatosis.   

 

Our results confirm that in the steatotic liver CI function poorly tolerates cold ischemia.  The role of CI is 

to pump protons across the inner mitochondrial membrane to assist in generating the proton gradient for 

ATP synthesis [419].  Consequently, CI dysfunction should lead to a significant decrease in ATP 

synthesis.  To our knowledge there are no reports examining this in a diet induced steatosis model.  One 

report examined MF in a CDD-induced hepatic steatosis model during cold ischemia [211], and found 

similar baseline CI function between lean and steatotic livers with a more rapid deterioration in steatotic 

livers after 18 hours of cold ischemia.  However, the CDD model is much less clinically relevant as it 

leads to significant weight loss and the absence of a metabolic syndrome.  Moreover, MF analysis in that 

study was performed on isolated mitochondria at 30oC instead of the physiological temperature of 37oC.
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This is an important difference, as MF is significantly influenced by temperature, in particular leak state 

respiration [311].   

 

In this study, I observed that severely steatotic livers had similar baseline MF as the lean livers.  Baseline 

MF was therefore intact in severe hepatic steatosis, which is consistent with a previous study [211].  

However, steatotic livers developed significantly higher inner membrane leak during cold ischemia, which 

led to decreased CI efficiency.  This was less evident in the lean animals but was observed in the mild 

steatosis group despite the low severity of steatosis (6%). This dysfunction was more pronounced in >30% 

steatosis from the onset of cold ischemia whereas mild steatosis had similar RCR-1s to lean livers up to 8 

hours of cold ischemia.  This is consistent with an underlying CI abnormality or ineffiency that is 

worsened with increasing severity of steatosis and also further exacerbated by prolonged cold ischemia.  

 

Another important point to consider is the mitochondrial reserve capacity [438].  Mitochondrial enzymatic 

activity is a representative of the total enzymatic capacity and composition of the mitochondria whereas 

mitochondrial flux represents the intact and coordinated functional status of the mitochondria.  The 

decreased baseline CI activity in steatotic livers observed in our study would lead to a decreased ability to 

increase ATP generation capacity during reperfusion after prolonged cold liver preservation when critical 

supply of ATP is needed for recovery.  This should further contribute to the increased susceptibility of 

steatotic livers to prolonged cold storage as less ATP would be generated on reperfusion, which leads to 

an impaired sustained metabolic capacity of the liver. 

 

The results indicated that CII function was intact throughout prolonged cold ischemia in both steatotic and 

lean livers.  This was consistent with the observation of others that baseline CII flux of steatotic livers was 

comparable to control livers [132] but CII function until now has been much less reported and its exact 

role in hepatic steatosis is poorly described.  Interestingly, I observed increased RCR-2 in livers with 

>30% steatosis and this suggests that CII may potentially be compensating for the impairment of CI.   

 

As CII provides one third less coupling to ATP synthesis than CI [121], CII mediated respiration 

represents a less efficient pathway for ATP generation.  Therefore despite an increase in CII activity, CII 

may still not overcome a potential deficit in OXPHOS capacity caused by the CI impairment.  

Furthermore, ROS may potentially be derived from a reverse flow of electrons from CII to CI [439].  This 

has been reported to occur in the absence of ADP when electrons derived from succinate can flow to CI 

and lead to ROS formation within CI.  It is tempting to speculate that the greater CII respiration observed 
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in steatotic livers in our study could increase ROS production and further damage mitochondria in 

steatotic livers following reperfusion.   

 

Our study was the first study to investigate steatotic liver MMP during cold ischemia.  Adequate MMP is 

critical for efficient generation of ATP and an impaired MMP results in decreased ATP production.  Our 

results indicate that steatotic liver MMP was stable during cold ischemia.  Although previous studies have 

shown decreased MMP in steatotic livers, these were performed following warm IRI [22, 96].  Despite the 

increased CII flux, CII driven MMP was observed to be consistently lower than CI driven MMP and 

confirms that CI has a greater capacity in driving ATP synthesis.  Our results suggest that steatotic livers 

were able to maintain a similar MMP following cold ischemia but may require more oxygen to do so 

(decreased CI efficiency) as seen by increased CI mediated leak in steatotic livers.  This increased oxygen 

requirement may not be met upon commencement of reperfusion due to impaired microcirculation in 

steatotic livers [11] and will lead to decreased ATP synthesis.  Our MF results were consistent with 

previous findings of lower ATP levels post-reperfusion in steatotic rat livers [290, 293] and decreased 

ATP production rates in ob/ob mice livers following prolonged cold ischemia [440].  The subsequent low 

ATP levels can lead to cell death and further contribute to delayed recovery following transplantation. 

 

IPC has been reported to improve post-transplantation biochemical and survival outcome in Zucker fa/fa 

rat mild hepatic steatosis but there were no MF analysis [345].  Additionally, preconditioned rat steatotic 

livers were observed to have slower decreases of ATP levels during cold ischemia of up to 4 hours 

compared to non-preconditioned steatotic livers [345].  Here I describe the effect of IPC on steatotic liver 

MF and MMP during various durations of cold ischemia which have not been studied.  Previous reports of 

IPC in steatotic liver subjected to cold ischemia and OLT have all used a genetic rat model (Zucker fa/fa) 

of mild [345] or moderate [290-293] hepatic steatosis, whereas I used a diet-induced model of varying 

severity of hepatic steatosis.  This allowed me to investigate the impact of IPC on steatotic livers with 

varying severity and in a more clinically relevant animal model of hepatic steatosis.  Though my results 

differ from Rolo et al. (2009), who reported that IPC was effective in improving steatotic liver MF [22], 

those steatotic livers were tested following warm ischemia-reperfusion.  While the effect of IPC on mild 

steatotic liver biochemical function after cold ischemia has been tested, no MF has been assessed in this 

setting [345].  My results now provide some mechanistic basis for the biochemical observation, by 

indicating that IPC is also effective at preventing CI dysfunction in mildly steatotic livers. I report that 

IPC was however not effective in moderate/severe steatosis.  This is important if >30% steatotic donor 

livers are to be considered for transplantation.
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The lack of IPC effect on MF in moderate-severe steatosis in our study could potentially be influenced by 

our animal model.  There has been debate about whether hepatic steatosis is a cause or consequence of 

insulin resistance [437].  Our steatotic animals remained insulin sensitive and the effect of IPC on MF 

may therefore differ for more insulin-resistant animals.  The majority of IPC studies do not report the 

background insulin sensitivity status.  Further studies will be required to investigate the interaction of IPC, 

steatosis severity and MF in livers subjected to cold ischemia in insulin-resistant animals.  

 

Our MF analysis was performed on liver homogenates rather than isolated mitochondria.  Homogenates 

were utilized as they are more physiological and decrease the risk of selection bias inherent to the process 

of mitochondrial isolation, whereby more healthy organelles are preferentially selected during isolation 

[420].  Homogenisation has also been accepted as a suitable replacement for mitochondrial isolation for 

MF analysis and is widely applicable [441].  Furthermore, it permits shorter processing time and rapid 

measurement of the sum of the entire mitochondrial population within the tissue and this simpler method 

provides an immediate measure of mass specific flux.  Of note our study did not measure other 

mitochondrial markers (such as substrate oxidation) or uncoupling proteins and so future studies should 

consider measurement of these parameters, which would have given a more complete perspective of 

mitochondrial response to cold ischemia but is beyond the aim of this experiment.   

 

In this study, it was not possible to specifically assess the tissue levels of ATP during cold ischemia or in 

real time following “reperfusion” in the respirometer.  However, previous studies have shown that rapid 

depletion of ATP levels occur during cold ischemia in both steatotic and lean livers [211, 345].  Therefore 

its measurement was not expected to add significant new knowledge in this study.  It is likely that ATP 

replenishment in the liver after reperfusion will also be impaired by the dietary-induced steatosis, although 

this still needs to be formally confirmed.  This expectation is based on the similarity of the diet-induced 

MD results in this study to those of a previous investigation of ob/ob mice steatotic livers subjected to 

prolonged cold ischemia but without any IPC intervention (Chapter 11).  These ob/ob mice livers also 

developed impaired CI during cold ischemia and decreased ATP production recovery rates were reported 

during re-warming and oxygenation.  The impact of different IPC protocols on ATP recovery rates in the 

dietary rat model would be an interesting direction for future work. 
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I chose to use a 10+10 protocol for the IPC intervention but others could have been evaluated.  This 

choice was however based on my assessment of the prevailing literature.  To my knowledge there has only 

been genetic-based hepatic steatosis models used in the limited range of published experimental studies of 

IPC and cold ischemia (Chapter 6).  I was concerned this form of hepatic steatosis may not be the most 

representative of clinical steatosis [390] that was suitable for MF studies, so I selected a diet-based model.  

There were no prior confirmed IPC protocols for use in this diet-induced steatosis model.  As a result, I 

chose the 10+10 IPC protocol as it is one of the most commonly used and standardized clinical protocols 

[335, 355].  It has also been reported that experimentally the 10+10 IPC was superior to 5+10 IPC in a 

cold ischemia setting with a greater effect on survival of long-term (16 hours) preserved liver grafts [442].  

Furthermore, my selected IPC protocol was similar to that first demonstrated to be beneficial clinically by 

Clavien et al [20].  On the basis of these laboratory and clinical data, 10+10 was considered a reasonable 

protocol for my study and its selection utility was further confirmed when I showed that it worked in 

restoring MF in the mild steatosis group in this study.  This particular clinical-based IPC protocol was 

therefore ideal for then exploring the impact of its efficacy on MF in the context of increasing background 

steatosis.  The question of whether alternative IPC protocols might now be devised to work beneficially in 

greater degrees of steatosis was beyond this study and awaits future investigations.  

 

 

12.5 Summary 

 

Prior studies have been restricted to extreme metabolic steatosis models whereas we have undertaken here 

a detailed study that utilised a diet-induced graded hepatic steatosis model.  My results showed that 

despite decreased CI activities, steatotic liver MF was intact at baseline in terms of oxygen flux.  

However, under the duress of prolonged cold ischemia, steatotic liver MF acquire time-dependant damage 

particularly to CI and the inner mitochondrial membrane.  These results now serve to provide a potential 

explanation for the clinical findings that livers with >30% steatosis subjected to prolonged cold ischemia 

have poor outcome and why shorter cold ischemic time should be utilized.  I also investigated IPC, an 

increasingly advocated procedure, but one not greatly explored in the setting of steatosis.  This study 

suggests that the 10+10 regimen IPC may be beneficial in lean and mildly steatotic liver particularly if 

prolonged ischaemia was likely to occur (>8-12 hours).  The same IPC did not appear to offer any 

protective benefit on MF in moderate-severe steatotic livers.  Further studies into the exact mechanism of 

CI damage in hepatic steatosis are required to enable the development of new targeted therapies.
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Chapter 13 

Steatotic livers are more susceptible to normothermic ischemia-reperfusion injury 

due to impaired mitochondrial Complex-I function 

 

 

13.1 Introduction 

 

The mechanism for the increased susceptibility of steatotic livers to IRI is likely to be related to CI 

(Chapter 12).  This leads to decreased recovery of ATP concentrations following IRI (Chapter 11).  

However, the previous experiments were of steatotic livers subjected to prolonged cold ischemia.  The 

other type of IRI that a liver can be subjected to is warm IRI during liver resection (Chapter 2).  As 

described in Chapter 3 and 5, steatotic livers have worse outcome following warm IRI but the exact 

relationship between steatotic livers and MF is unknown. 

 

In Chapter 6 and 7, the potential benefit of IPC on steatotic livers in IRI was outlined.  IPC has also been 

reported to improve ATP levels in steatotic livers (Section 2.12).  While the mechanism by which IPC 

improves outcome following IRI is unknown, it has been postulated that IPC modulates and somehow 

preserves MF [22].  In Chapter 12, we showed that IPC was beneficial in mildly steatotic livers subjected 

to prolonged cold ischemia and may be due to an effect on MF, particularly CI.  The effect of IPC on 

steatotic liver MF subjected to warm IRI is unclear, especially in dietary-induced hepatic steatosis, as 

previous studies have used animal models that were less clinically relevant (Chapter 6).   

 

As a result of Chapter 6 and 12, the aim of this study was to evaluate the impact of IPC on the MF of rat 

livers with dietary-induced steatosis after being subjected to warm (normothermic) IRI.  Mitochondrial 

bioenergetics and liver injury markers were evaluated.   
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13.2 Materials and methods 

 

 

13.2.1 Animals 

 

All experiments were performed in 11-week old male Sprague-Dawley rats.  The animals were enrolled 

when 3-weeks old and randomized to receive standard chow (lean animals) or a HFHS diet (steatotic 

animals; Section 9.4) and cared for as described in Section 9.7.1.  All surgical procedures were started 

between 12:00-1:00 pm. 

 

 

13.2.2 Experimental design and surgical procedures 

 

Sixty animals were randomized into one of 6 groups (n=10 each): 

1) Lean+Sham (Lean-Sham) 

2) Lean+IRI (Lean-IRI) 

3) Lean+IRI+IPC (Lean-IPC) 

4) Steatotic+Sham (Steatotic-Sham) 

5) Steatotic+IRI (Steatotic-IRI) 

6) Steatotic+IRI+IPC (Steatotic-IPC) 

 

A model of PHI (70%) was used that prevented mesenteric venous congestion by permitting portal 

decompression through the right and caudate lobes (Section 9.5).  Rats were anesthetized with isofluorane 

inhalation.  The procedure was performed as described in Section 9.7.  Induction of IPC and PHI are 

performed as described in Section 9.7.5 and Figure 14. 

 

 

13.2.3 Tissue collections 

 

Liver samples were obtained as described in Section 9.7.6.  Liver samples were obtained for histology, 

MF and enzymatic analysis. 
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13.2.4 Histology 

 

Histology was performed on time-points A and E to assess severity of hepatic steatosis and IRI, 

respectively.  Samples were stained with H&E (Section 8.6.1).  A consultant specialist histopathologist 

blinded to the group assessed the severity of steatosis with a published clinical grading system [10].  

Severity of the IRI was assessed using a 4-point grading system previously described [443]. 

 

 

13.2.5 Assessment of hepatocyte injury 

 

The severity of hepatic injury was assessed by serum levels of ALT and was analyzed as described in 

Section 8.7.   

 

 

13.2.6 Homogenized tissue preparation 

 

Liver samples were immediately placed in ice-cold (~4oC) MiRO5.  The samples (20-30 mg) were then 

removed from the media and homogenized immediately for analysis (Section 8.1.2).  Homogenates were 

utilized as they are more physiological and decrease the risk of any organelle selection bias inherent to the 

process of mitochondrial isolation whereby more healthy organelles are preferentially selected during 

isolation [160].  Our protocol also permits shorter processing time and rapid measurement of the function 

of the entire mitochondrial population within the tissue to provide an immediate measure of mass specific 

flux. 

 

 

13.2.7 Mitochondrial respiration assays 

 

Mitochondrial respiration of liver homogenate was measured at each time-point.  Respiration was 

measured in 2-ml chambers using an OROBOROS Oxygraph 2K (Section 8.2).  Liver homogenate (50 

μL) was added to each chamber and the remainder stored at -80°°C for later analysis.  To account for 

potential variations in mitochondrial mass, CS-normalized [444] oxygen flux (pmol O2.s
-1.U CS-1) was 

calculated.  The assay protocol steps are as described in Section 8.2.1.  The only change in the assay 

protocol was the addition of rotenone (1 μM) to isolate flux to CII before addition of oligomycin (2.5 

μM).
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13.2.8 Citrate synthase and total protein measurement 

 

Liver homogenate, as used in mitochondrial respiration assay, was analysed for CS activity and total 

protein content.  CS activity was measured as a surrogate for mitochondrial mass as described in Section 

8.3.3.  Protein content was determined by the Biuret test (Section 8.3.5).   

 

 

13.2.9 Complex I & Complex II activities 

 

Liver homogenate from time-points A, D and E were used to measure individual CI and CII enzyme 

activities.  Frozen liver homogenate was thawed, centrifuged for 10 minutes at 600g (4°C) and the 

supernatant used for analysis as described in Section 8.3.2.  In this report “CI function” refers to 

assessments undertaken in the oxygraph and “CI activity” refers to the isolated activity studies just 

described. 

 

 

13.2.10  Statistical and data analysis 

 

This was performed as described in Section 8.8.   
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13.3 Results 

 

13.3.1 Rats fed high-fat/high-sucrose diet were obese 

 

Sprague-Dawley rats fed HFHS diet for 8 weeks showed increased body weight (507 ± 10 vs. 437 ± 6g, 

p<0.0001, Figure 32A) and random BG level (6.1 ± 0.1 vs. 4.6 ± 0.1 mmol/L, p<0.0001, Figure 32B) 

relative to age-matched lean rats.   

 

 

13.3.2 Obese rat livers had severe mixed steatosis 

 

Obese rat livers had gross macroscopic fat accumulation.  All lean rat livers had normal baseline 

underlying tissue architecture with only some mild (8±1%) MiS when evaluated by H&E staining (Figure 

32C).  Obese rat livers had severe (65±3%) baseline mixed steatosis with prominent MaS features evident 

(Figure 32D). 

 

 

13.3.3 Steatotic livers had increased liver injury following ischemia-reperfusion 

 

Effect of steatosis, IRI and IPC on liver injury biomarkers, tissue injury scores and histology are shown in 

Figure 33 and Figure 34, respectively.  Both Lean-Sham and Steatotic-Sham livers did not have any 

biochemical (Figure 33A) or histological evidence of injury induced by the sham surgery (Figure 33B, 

Figure 34A and Figure 34B).  Conversely, IRI was associated with increased serum ALT (Figure 33A) 

and worse liver histology injury score (Figure 33B) in both Steatotic-IRI and Lean-IRI rats compared to 

Steatotic-Sham and Lean-Sham rats, respectively.  Steatotic-IRI livers had increased areas of necrosis and 

sinusoidal congestion compared to Lean-IRI livers.  These same injury markers were also found 

significantly higher in Steatotic-IRI rats compared to Lean-IRI rats (Figure 33).  IPC led to improvement 

in the serum ALT in Steatotic-IPC and Lean-IPC rats compared to Steatotic-IRI and Lean-IRI rats, 

respectively (Figure 33A).  IPC also led to a decrease in injury score in Steatotic-IPC rats compared to 

Steatotic-IRI rats (Figure 33B) with no evidence of necrosis or congestion in Steatotic-IPC livers.  These 

results indicate that IPC was able to attenuate liver injury in steatotic livers. 
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Figure 32 Body weight, random blood glucose and baseline histology of high-fat/high-sucrose-

fed (obese) and lean Sprague-Dawley rats   

 

 

  

Obese Sprague-Dawley rats were significantly heavier (A) with higher random BG (B) than age-matched lean rats.  Baseline 

liver tissue sections were stained for haemotoxylin and eosin (x40 magnification).  Representative slides are displayed and 

obese rats (D) showed severe mixed hepatic steatosis (arrow) while lean rat livers (C) showed mild MiS.  Data are shown as 

mean ± SEM (n=30 rat/group).  Statistical analyses were performed using Students t-tests for body weight and random BG.   

*p<0.0001 
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Figure 33 Serum alanine aminotransferase levels and histology injury score following ischemia-

reperfusion 

 

Serum ALT (A) and histology injury score (B) following reperfusion were significantly higher in rats subjected to IRI 

compared to sham rats.  Both injury markers were significantly higher in obese rats compared to lean rats.  IPC decreased ALT 

levels in both lean and obese rats; and decreased injury score in obese rats compared to the corresponding IRI groups.  Data are 

shown as mean ± SEM (n=10 rat/group; lean rats, open bar; obese rats, closed bar).   

*p<0.05 

**p<0.01 

***p<0.001 
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Figure 34 Liver histology following ischemia-reperfusion 

 

No evidence of injury was observed in Lean-Sham (A) and Steatotic-Sham (B) livers.  Lean-IRI livers (C) had mild injury 

while Steatotic-IRI livers (D) had moderate-severe injury.  Both Lean-IPC (E) and Steatotic-IPC livers (F) were observed to 

have mild injury following reperfusion.  Representative slides are shown (n=10 rat/group). 
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13.3.4 Altered mitochondrial function in steatotic livers subjected to ischemia-reperfusion 

 

13.3.4.1 Baseline mitochondrial function in steatotic livers were similar to lean livers 

 

The baseline MF was similar between steatotic and lean rat livers.  Baseline (t=0) samples from steatotic 

rat livers (n=30) had similar MF to lean rat livers (n=30) (Figure 35A-F).  These results indicate that 

steatotic liver mitochondria were initially functioning adequately in vivo.  

 

 

13.3.4.2 Sham-operated rat liver mitochondrial function remained stable 

 

There were no changes in MF in both Lean-Sham and Steatotic-Sham livers with a stable OXPHOS-CI, 

OXPHOS-CII and RCR throughout all time-points (Figure 35A-F).  These data indicate that the act of 

repeated liver sampling from each rat did not in itself significantly influence the underlying MF. 

 

 

13.3.4.3 Prolonged ischemia led to impaired mitochondrial function 

 

At the end of 60 minutes of ischemia, both lean and steatotic livers demonstrated impaired MF with 

significantly lower OXPHOS-CI (~30-40%), OXPHOS-CII (45-60%) and RCR (~60-80%) compared to 

pre-ischemic levels or corresponding Sham livers (Figure 35A-F).  There was no observable difference in 

MF between Lean-IRI and Steatotic-IRI livers at the end of ischemia.  These findings indicate impaired 

MF occurs to the same extent in all groups immediately following 60 minutes of ischemic insult. 

 

 

13.3.4.4 Reperfusion injury led to decreased Complex I mediated respiration in steatotic livers 

 

After 60 minutes of ischemia and following 240 minutes of reperfusion, MF in Lean-IRI returned to pre-

ischemic levels and was comparable to Lean-Sham livers (Figure 35A, C, E).  In Steatotic-IRI livers, 

OXPHOS-CI flux and RCR was significantly lower compared to baseline levels or Steatotic-Sham livers 

(Figure 35B, F) whereas OXPHOS-CII flux rates returned to pre-ischemic levels and was comparable to 

Steatotic-Sham livers (Figure 35D).  OXPHOS-CI flux rates and RCR in Steatotic-IRI livers was observed 
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to be 57% and 54% relative to Lean-IRI livers post-reperfusion (p<0.01).  These results indicate that 

unlike lean livers, steatotic liver CI function was impaired by IRI leading to decreased RCR. 

 

 

13.3.4.5 Ischemic preconditioning had no significant effect on hepatic mitochondrial function 

 

MF in both types of livers subjected to IPC was similar to livers subjected to IRI only (Figure 35A-F).  

Lean-IPC and Steatotic-IPC livers demonstrated a similar pattern of OXPHOS-CI, OXPHOS-CII and 

RCR at each of the sampling time-points as Lean-IRI and Steatotic-IRI livers, respectively (Figure 35A-

F).  Post-reperfusion, OXPHOS-CI and RCR in Steatotic-IPC livers remained impaired while OXPHOS-

CII was comparable to pre-ischemic levels.  These results indicate that despite the improvement in injury 

markers (ALT and histology) in IPC livers (Figure 33 and Figure 34), IPC did not influence underlying 

MF over this timeframe. 
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Figure 35 Mitochondrial function of lean and steatotic livers subjected to sham, ischemia-

reperfusion injury with or without ischemic preconditioning 

 

Baseline MF was similar between lean and steatotic livers in all outcome measures.  Lean-Sham and Steatotic-Sham have 

stable OXPHOS-CI (A, B), OXPHOS-CII (C, D) and RCR (E, F) throughout the procedure.  OXPHOS-CI (A, B), OXPHOS-

CII (C, D) and RCR (E, F) were significantly lower following 60 minutes of ischemia in Lean-IRI, Lean-IPC, Steatotic- IRI 

and Steatotic-IPC livers compared to the corresponding sham group.  There was no difference in MF between these livers at the 

end of ischemia.  MF returned to pre-ischemia levels in Lean-IRI and Lean-IPC livers, which was comparable to Lean-Sham 

livers (A, C, E).  Following reperfusion, OXPHOS-CI (B) and RCR (F) was significantly lower in Steatotic-IRI and Steatotic-

IPC livers compared to Steatotic-Sham or lean livers while OXPHOS-CII (D) returned to pre-ischemic levels comparable to 

Steatotic-Sham or lean livers (D).  Data are shown as mean ± SEM (n=10 rat/group). 

Lean-Sham, open circle; Lean-IRI, open square; Lean-IPC, open triangle; Steatotic-Sham, closed circle; Steatotic-IRI, closed 

square; Steatotic-IPC, closed triangle.   

*p<0.05 

#p<0.05 vs. Lean-IRI or Lean-IPC (end of reperfusion) 
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13.3.5 Citrate synthase activity was unaffected by ischemia-reperfusion injury 

 

CS activity in lean and steatotic livers was stable throughout the experiment and was not affected by IRI 

or IPC (Figure 36A, B).  There was also no difference in CS activity between lean and steatotic livers at 

all time-points measured.   

 

 

13.3.6 Decreased Complex I but not Complex II enzymatic activity following reperfusion in steatotic 

livers 

 

Baseline CI activity was significantly lower in steatotic livers compared to lean livers [78.4±2.5 vs. 

116.4±6.0 nmol/(min*mg protein), p<0.001] while baseline CII activity was similar between the 2 groups 

[104.9±3.3 vs. 116.8±6.1 nmol/(min*mg protein), p=0.08, Figure 36C-D].  Following 60 minutes of 

ischemia, both types of liver demonstrated significantly lower CI activity (Figure 36C, D) compared to 

pre-ischemic or sham livers.  Steatotic liver CI activity was also observed to be lower post-ischemia 

compared to lean livers.  Following reperfusion, CI activity returned to pre-ischemic levels in lean livers 

but remained significantly lower in steatotic livers by ~65% (Figure 36D).  CII activity (Figure 36E, F) 

was stable throughout the procedure and there was no difference in CII activity between steatotic and lean 

livers.  IPC did not have any significant beneficial effect on CI and CII activity in both types of livers.  

These activity results showed that IRI led to decreased CI activity in steatotic livers, and also that IPC was 

not able to influence CI or CII activities; all of which was consistent with the earlier oxygraph functional 

analysis (Section 13.3.4). 
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Figure 36 Citrate synthase, Complex I and Complex II activity at baseline, following ischemia 

and post-reperfusion in lean and steatotic livers 

 

CS activity was similar between lean (A) and steatotic livers (B) throughout the procedure and was not affected by IRI or IPC.  

Baseline CI enzyme activity in steatotic livers were lower than lean livers (C, D).  After ischemia, CI enzyme activity was 

significantly lower in lean and steatotic livers compared to sham livers.  Additionally, CI enzyme activity (D) was lower in 

steatotic livers post-ischemia compared to lean livers.  After reperfusion, CI activity remained lower in Steatotic-IRI and 

Steatotic-IPC livers (D) compared to Steatotic-Sham or lean livers.  CII activity (E, F) remained stable throughout the 

procedure and was similar between both types of livers.  IPC did not have a significant effect on CI or CII activity in both types 

of livers.  Data are expressed as mean ± SEM (n=10 rat/group). 

Lean-Sham, open circle; Lean-IRI, open square; Lean-IPC, open triangle; Steatotic-Sham, closed circle; Steatotic-IRI, closed 

square; Steatotic-IPC, closed triangle.   

***p<0.001 

#p<0.05 vs. time- and group-matched lean livers 
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13.4 Discussion 

 

In this study, we used Sprague-Dawley rats with diet-induced hepatic steatosis.  Steatotic livers 

demonstrated increased parenchymal injury following IRI compared to normal lean livers, as indicated by 

their raised serum ALT and histology injury scores.  Steatotic livers had lower baseline CI activity but 

similar baseline CS and CII activity compared to lean livers.  The steatotic livers were also observed to 

have decreased CI activity and function following IRI, which unlike lean livers, showed no recovery of 

either activity or function even after prolonged reperfusion times.  This indicated CI as a particularly 

vulnerable site of IRI-induced damage in steatotic livers.  These results demonstrated that IPC was 

effective in decreasing liver injury in both lean and steatotic livers according to ALT levels.  However, 

this protective effect was not translated to measures of MF or CI activity.  In summary these data 

demonstrate that steatotic livers developed significant underlying mitochondrial impairment that was 

worsened by IRI but not able to be recovered by IPC. 

 

In this study we developed a novel methodology for the repeated procurement of liver samples from the 

same animal over time, which has not been published before.  This technique offers decreased animal 

numbers but also presents statistical advantages by enabling repeated measures analyses to look for study 

effects.  The theoretical disadvantage of the progressive hepatectomy samples altering the status of the 

subsequent samples did no eventuate.  In particular when the Sham groups were examined, there was no 

significant change found in serum ALT, histological scores or MF from the progressive sampling 

approach.   

 

Steatotic livers had impaired MF, which is thought to contribute to the increased steatotic liver 

susceptibility to IRI [186].  CS activity was similar across groups and time-points, indicating that MF 

differences are from mitochondria functional or activity differences and not a difference in mitochondrial 

mass in this study.   

 

A key dysfunction was found in CI which is a large protein (~1 MDa) comprising 45-47 subunits and is 

embedded in the mitochondrial inner membrane to form an essential component to the mitochondrial ETS 

[121].  Impaired CI function has a substantial effect on ATP generation and contributes to a wide range of 

pathologies [13].  Our MF findings are consistent with a previous study that reported finding similar 

baseline CI function between steatotic and control livers; and lower post-reperfusion CI function in 

isolated mitochondria from steatotic livers [186].  We have now extended this to show that the individual 
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CI activity in tissue homogenates was also affected in steatotic livers post-IRI.  Steatotic liver CI has 

previously been shown to be susceptible to oxidative damage from decreased mitochondrial antioxidants 

[186].  Further exacerbating this, CI can be a major site of ROS production [429] and steatotic livers 

produce more ROS in vivo than lean livers [186].  Oxygen reperfusion post-ischemia also leads to greater 

superoxide generation in steatotic livers relative to lean livers [298].  The lower CI activity observed in 

steatotic livers may be due to damage from IRI or potentially as a physiological response from steatotic 

livers as it attempts to limit oxidative mitochondrial damage; and may be contributing to the decreased 

tolerance of steatotic livers to IRI.   

 

Complex II, is the only mitochondrial membrane-bound enzyme that is also involved in the citric acid 

cycle, as it oxidizes succinate and transfers electrons to co-enzyme Q [108].  CII function has been 

reported to be similar at baseline and post-IRI between steatotic and lean rat livers [186], and our results 

corroborate this finding.  CII abnormalities are infrequently reported in the literature [378] and its function 

in steatotic livers seldom reported.  We observed that CII activity post-ischemia and post-reperfusion was 

similar between steatotic and lean livers which have not been previously described in this context.  Given 

that CII activity and function appears to be unaffected by IRI, this suggests that CII is more resistant to 

damage.  CII may even contribute to superoxide production through an apparent reverse electron flow to 

CI instead [108], although this is somewhat controversial as it appears to defy thermodynamics and redox 

potentials [13].  Despite intact CII function, CII-driven flux is less effective in ATP synthesis (coupled to 

OXPHOS at Complex III and CIV) compared to CI-driven flux (coupled to OXPHOS at CI, Complex III 

and CIV), and this should impair reconstitution of ATP pools on reperfusion.   

 

MF recovery following IRI is thought to be essential as it generates the majority of cellular ATP [106].  

Inadequate MF post-IRI would lead to decreased or delayed ATP generation during the critical period of 

reperfusion and could impair liver recovery.  In this study we hypothesized that IPC would protect MF 

from IRI-induced damage as part of the mechanism for how IPC protects the steatotic liver in this setting.  

IPC was shown in our study to be partially protective against normothermic IRI (biochemical and 

histological indices) in both lean and steatotic livers, consistent with other studies [22, 279].  Our findings 

of improved liver transaminases in preconditioned steatotic livers have not been previously investigated in 

diet-based models of obesity but were consistent with the limited clinical data on the effect of IPC on 

biochemical markers from steatotic livers subjected to normothermic IRI during liver resection [20, 333].
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However our results also indicated that despite some improvement in conventional liver injury markers, 

IPC did not improve MF or key enzyme activities over the duration of this study.  This was in contrast to a 

previous study in choline-deficient rats that showed improvement in conventional liver injury markers and 

MF in preconditioned steatotic livers post-IRI [22].  Importantly, there were substantial differences in our 

study design to that of the only previous experimental study.  In that study, Rolo et al. performed MF 

analysis on isolated mitochondria at 25oC and demonstrated lower RCR in both lean and steatotic livers 

post-IRI, which were normalized by IPC in both groups of livers [22].  However, mitochondrial 

respiration and particularly State 4 respiration is sensitive to assay temperature [311], and the results may 

not be truly representative of physiological MF at 37oC.  Furthermore, the process of mitochondrial 

isolation results in the loss of fragile and/or damaged mitochondrial sub-populations.  Here we decided to 

use tissue homogenates as a means to lessen the potential for any mitochondrial selection bias [160].  

Additionally, animals fed the CDD used by Rolo et al. show weight loss, which is contrary to the clinical 

setting of most patients with hepatic steatosis being obese [390].  We suggest that in our current study the 

combination of using a dietary model, tissue homogenates and undertaking MF analysis at 37oC now 

represents the first advancement to a more physiological and clinically relevant MF analysis of the 

interaction of steatosis, IRI and IPC.  It is of note that most other previous studies on IPC in steatotic 

livers were performed in genetic models of hepatic steatosis [445].  However, the underlying mutations in 

these models are not prevalent in clinical hepatic steatosis pathophysiology and the high-fat/high-

carbohydrate used in our study more closely resembles the clinical setting [390].   

 

The mechanism of IPC has been extensively reviewed elsewhere [17] but the direct impact of IPC on 

mitochondria is not so well characterised.  In experimental lean rat livers subjected to IRI, ATP recovery 

was unaffected by IRI but in steatotic livers ATP recovery was found to be impaired post-IRI compared to 

lean livers [193].  In other studies, IPC was reported to preserve ATP recovery in lean livers post-IRI [17] 

while other studies have suggested that IPC was also effective in improving ATP recovery in steatotic 

livers post-IRI [279].  For our study, we investigated MF and complex activities.  We chose a 10+10 IPC 

protocol as this was similar to the first clinical protocol described by Clavien et al [20].  In their study, 

IPC led to an improvement in biochemical and histological markers of injuries.  This finding was then 

replicated in a further prospective trial [333] and demonstrated that IPC improved ATP levels in younger 

patient’s post-reperfusion.  However, IPC was associated with no improvement in older patients but 

instead a further decrease in ATP levels post-reperfusion when compared to control livers.  Our results 

showed no improvement in MF with IPC, and although we were not able to measure ATP in this study, 

our findings suggests the protective effect of IPC was not likely to be mediated through increased
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mitochondrial ATP production in this model.  This suggests that there may be other mechanisms 

underlying the effect of IPC on hepatic ATP recovery.  These may include decreased cellular metabolism 

in preconditioned livers leading to conservation of ATP.  Alternatively some of the IPC benefit maybe 

from increased production of nitric oxide and opening of ATP-dependant potassium channels in 

preconditioned livers with a subsequent decrease in energy consumption [17].  The lack of full protection 

and liver function recovery observed by us and others in the clinical and animal studies from IPC may 

reflect the persistent underlying MD demonstrated in our present study [63].  This observation supports 

future investigation of other IPC protocols or combinatorial use with mitochondrial-targeted therapies, as 

these may provide further clinical improvements. 

 

 

13.5 Summary 

 

In this study, we investigated the impact of IPC on MF in a steatosis setting.  We demonstrated that IRI 

was associated with increased liver injury in steatotic livers.  Although the precise mechanisms underlying 

the increased susceptibility of steatotic liver to IRI remain unclear, we have shown for the first time using 

a clinically relevant diet model and MF analysis at physiological temperatures, that there was an inherent 

decreased CI activity in steatotic livers, which worsened following IRI.  Our results also showed that the 

IPC protocol used in this study, while improving liver biomarkers and histology, did not influence MF 

directly.  If we are to further improve the clinical benefit of IPC on livers with steatosis, then testing 

alternative IPC protocols or adjunct mitochondrial therapies may also be needed.   
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Chapter 14   

Summary, discussions and conclusions 

 

 

Non-alcoholic fatty liver disease or hepatic steatosis is the most common chronic liver disease in the 

developed world and has become increasingly prevalent in liver surgery.  This is a major issue facing the 

surgical world as there is a growing epidemic of the metabolic syndrome, which is associated with the 

development of hepatic steatosis.  One of the major concerns facing clinicians dealing with steatotic livers 

in liver surgery is the increased rates of morbidity and mortality in patients with steatotic livers.  This 

places a significant burden on the healthcare system and will continue to be an issue, not only for 

clinicians but also the society, in the future.   

 

At the forefront of the issue with steatotic livers is its increased susceptibility to IRI.  IRI is a phenomenon 

that initiates significant liver injury during liver surgery.  IRI is inevitable in liver transplantation with the 

process of cold preservation and warm reperfusion.  Similarly, IRI can occur in liver resection when the 

Pringle manoeuvre is applied to minimise IOBL.  However, steatotic livers are postulated to have 

increased susceptibility to IRI and thus, poor outcome following liver surgery.  There have been many 

proposed underlying mechanisms for this increased susceptibility, including MD.  The mitochondria 

produce the bulk of cellular energy as ATP and impaired MF leads to the inability of cells to cope with 

injury.  Thus, it would be logical to link impaired MF with decreased tolerance to IRI but the effect of 

steatosis on MF is poorly understood.  Researchers have developed potential strategies that appear to 

counteract the detrimental effects of IRI and one such strategy is IPC.   

 

IPC involves a brief period of ischemia and reperfusion, and thus was termed preconditioning, which is 

applied prior to a period of sustained ischemia.  IPC has been postulated to be effective in decreasing liver 

injury in liver surgery and in steatotic livers, both experimentally and clinically.  The apparent success of 

IPC in steatotic liver models led us to address the impacts of IPC on steatotic liver MF when subjected to 

two different injuries: cold ischemia and normothermic IRI. 

 

To better understand the overarching issues, a systematic review of the impact of hepatic steatosis on 

outcome following IRI in experimental studies and clinical OLT was performed.  The evidence from 

experimental and clinical studies confirmed that livers with moderate-severe steatosis, particularly MaS, 

are more susceptible to IRI, and this result in worse outcomes.  The review on experimental studies 
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indicated the need for future experimental studies to provide precise and consistent histological reporting 

of the type and severity of steatosis involved in the studies.  The clinical study results were less consistent 

than experimental studies.  This reflects the heterogeneity of patients that were recruited in each study and 

also the inherent difficulty of conducting a prospective trial on this issue.  Nevertheless, it was clearly 

evident from the reviews that steatotic livers are associated with poor outcomes following IRI. These 

studies confirmed the importance of further improving our understanding on the underlying mechanisms 

of the decreased tolerance of steatotic livers to IRI.  Thus until a large prospective multi-centre trial can be 

undertaken, hepatic surgeons should proceed cautiously in patients with hepatic steatosis.   

 

A systematic review of the impact of hepatic steatosis on hepatic MF following IRI was performed to 

better understand the relationship between hepatic steatosis and hepatic MF.  The results indicated that 

impaired MF plays a role in the decreased tolerance of steatotic livers to IRI.  The most common 

impairment was decreased ATP recovery and increased oxidative stress following IRI.  There were no 

clinical studies identified that investigated the relationship between MF and steatosis in clinical liver 

surgery.  The majority of studies focused on the end-product of bioenergetics, ATP.  However, the 

mechanism behind the impaired bioenergetics, particularly mitochondria, is not well described.  The lack 

of understanding of the relationship between hepatic steatosis and hepatic MF led us to address the role of 

hepatic steatosis on MF in experimental models.  The findings of our studies will be summarised later in 

this chapter. 

 

We performed a systematic review of the impact of IPC on outcome following liver surgery in 

experimental and clinical studies to provide an overview of the impacts of IPC.  The evidence from 

experimental studies indicated that IPC protected steatotic livers against the effects of IRI but the evidence 

from clinical studies were not as apparent.  IPC was able to decrease liver injury in clinical studies as 

determined by conventional measures (histology and LFT) but there was no significant improvement in 

clinical outcomes such as morbidity or mortality.  The disparity between the experimental and clinical 

findings has been difficult to overcome, but this reflects the differences between these types of studies.  In 

experimental studies, all potential parameters are accounted for, while in clinical studies, the parameters 

are more variable and harder to adjust for [335].  Furthermore, IPC has been shown to be more effective in 

livers with an underlying disease (e.g. steatosis or cirrhosis) or in livers subjected to a more severe IRI 

(e.g. prolonged cold ischemia) [346].  These led to suggestions that research on IPC should be targeted in 

subsets of the population that are at a greater risk of poor post-operative outcome (e.g. older patients, 

patients with hepatic steatosis or liver cirrhosis), as the benefit of IPC is likely most needed in this 
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subgroup of patients.  The apparent success of IPC on outcome in clinical studies of steatotic livers led us 

to investigate the role of IPC on steatotic liver MF in experimental models of cold ischemia and 

normothermic IRI.  The findings of these studies are summarised here in this chapter. 

 

To address a need to be able to test MF in liver biopsies, a method to analyse hepatic MF by needle biopsy 

was developed (Chapter 10).  The optimal sample weight, sample stability in ice-cold UW solution, 

reproducibility and protocol utility were characterised in rat and human liver samples.  Using this method, 

I showed that MF can be consistently measured from liver needle biopsy samples.  This protocol was also 

able to detect differences in MF between “normal” and “diseased” liver samples.  The findings from this 

study indicated that this technique may now potentially be used for assessing liver MF on an outpatient 

basis and provide clinicians with additional information on pre-operative liver cellular metabolic function 

to identify high-risk patients.  Additionally, this tool may be used to monitor progress of hepatic function 

post-operatively as a complement to current conventional measures such as histology and LFT.  The 

findings from this study may promote future clinical research on hepatic MF to improve our 

understanding of the role of mitochondria in liver diseases.  

  

As a pilot study, we investigated the impact of steatosis on hepatic MF and anaerobic capacity following 

prolonged cold ischemia using the ob/ob mouse steatotic liver model (Chapter 11).  The ob/ob mouse 

model was chosen as it presents with reproducible aspects of the metabolic syndrome and hepatic steatosis 

without progression to steatohepatitis.  One limitation of this model was its complete leptin-deficiency 

that does not accurately reflect the clinical hepatic steatosis, but this model has been widely used in 

studies of hepatic steatosis and was deemed suitable for a pilot study.  In this study, we observed that 

ob/ob mouse livers develop an inherent MF impairment, particularly decreased basal CI activity, but 

similar ATP content as control livers.  Following cold ischemia, ob/ob mouse livers further acquire time-

dependant mitochondrial damage of increased membrane leak, decreased CI-fuelled OXPHOS and 

decreased RCR, especially after 12 hours of cold ischemia.  These factors resulted in decreased ATP 

production capacities in ob/ob mouse livers compared to lean mouse livers.  We also showed that ob/ob 

mouse livers have decreased baseline LDH activity and impaired non-bicarbonate pH buffering capacities.  

This study demonstrated that steatotic livers may have impaired baseline aerobic and anaerobic capacities, 

and MF decreases with prolonged cold ischemia.  These results provide a mechanistic insight into the 

basis for the clinical recommendation of shorter cold ischemic durations for steatotic donor livers.  The 

study findings led me to investigate the effect of hepatic steatosis on hepatic MF in experimental models 
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of dietary-induced hepatic steatosis.  This was done to mimic the clinical setting of over-nutrition and 

development of hepatic steatosis. 

 

A rat model of dietary-induced hepatic steatosis was established for the experimental studies (Chapter 9).  

A HFHS diet was chosen as it best resembles modern Western-style diets.  Different periods of feeding 

were trialled to investigate the optimum period of feeding to induce development of varying severity of 

hepatic steatosis.  I observed that two months of HFHS diet led to development of severe mixed hepatic 

steatosis with mild inflammation, while beyond this period, the livers developed severe inflammation, 

which is more in keeping with steatohepatitis.  I also observed that one, two and four weeks of HFHS 

feeding led to development of mild, moderate and severe MaS, which allowed me to investigate the 

impact of graded hepatic steatosis on MF.  From these results, I decided to choose eight weeks of HFHS 

feeding for my normothermic IRI experiment, while for my cold ischemia experiment, the animals were 

fed with the same diet for up to four weeks.  These animals were not insulin-resistant until 12 weeks of 

feeding, but their livers were categorically steatohepatitis at that stage.  Despite the lack of insulin 

resistance, I chose a feeding duration that promoted development of simple steatosis rather than 

steatohepatitis.  Furthermore, there have been suggestions that insulin resistance may be a consequence, 

rather than a cause, of hepatic steatosis [437].  This provided me with an opportunity to investigate MF in 

insulin-sensitive animals with hepatic steatosis.   

 

The effect of IPC on steatotic liver MF subjected to cold ischemia was evaluated using a model of graded 

hepatic steatosis (Chapter 12).  I confirmed that steatotic liver developed inherent MF impairment with 

decreased CI activity.  Despite this, baseline steatotic liver mitochondrial respiration was similar 

compared to lean livers.  Consistent with my findings in the ob/ob study, I also demonstrated that dietary-

induced steatotic livers acquire time-dependant damage to CI function and increased proton leak 

following prolonged cold ischemia.  These impairments developed faster in the livers with moderate-

severe (>30%) steatosis compared to mild (<30%) steatosis.  MMP was not affected by steatosis or IPC 

followed by prolonged cold ischemia.  In an attempt to improve steatotic liver MF, IPC was performed but 

the IPC only decreased mitochondrial proton leak and improved CI efficiency in mild steatotic livers, not 

in moderate or severe steatotic livers.  The results suggest that the 10+10 regimen IPC may be beneficial 

in lean and mildly steatotic liver, especially in prolonged cold ischaemia (>8-12 hours).  These findings 

confirmed the results observed in the ob/ob mouse liver study and the clinical recommendation that 

shorter cold ischemic time should be utilized for donor livers with >30% steatosis, even for 

preconditioned livers.  My results also provide a basis for this recommendation to avoid the development 
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of pathological MD in steatotic livers following prolonged cold ischemia, particularly increased proton 

leak.   

 

Using the same dietary-induced hepatic steatosis model, I demonstrated that normothermic IRI led to 

increased liver injury in severe steatotic livers (Chapter 13).  Consistent with my previous studies, I 

observed that steatotic livers have a decreased baseline CI activity but their mitochondrial respiration was 

not affected.  However, normothermic IRI led to worsening of MF with a further decrease in CI activity 

and CI-driven respiration.  Despite the decrease in liver injury (ALT and histology) observed in this study, 

and previous studies suggesting that IPC improve steatotic liver MF post-normothermic IRI, there was no 

difference in MF between livers with prior preconditioning and livers without preconditioning.  This 

indicated that IPC did not influence MF and may be acting on other pathways such as decreased cellular 

metabolism and energy consumption with subsequent conservation of ATP [17].   

 

The findings from our studies can be summarized as follows.  Hepatic steatosis is associated with the 

development of an inherent physiological MD – Decreased CI activity, an apparent diminished anaerobic 

capacity as evidenced by less LDH activity and an impaired pH buffering capacity but with similar 

baseline ATP content and MF as lean livers.  These results suggest that steatotic livers have impaired 

baseline aerobic and anaerobic capacity but possess adequate physiological function.  However, steatotic 

livers develop further MD when subjected to injury and appear to develop different MD based on the type 

(cold vs. normothermic IRI) of injury.  Following cold ischemia, steatotic livers acquire increased 

membrane damage leading to increased proton leak and decreased RCR whereas following normothermic 

IRI, steatotic livers demonstrate decreased OXPHOS-CI and a decreased RCR.  Potential explanations for 

this difference are the temperature of the acute injury but this has yet to be clearly determined.   

 

The effect of IPC on steatotic liver was demonstrated in my studies.  IPC was observed to decrease 

markers of liver injury following normothermic IRI in both lean and steatotic livers.  However, the effect 

of IPC on steatotic liver MF was dependant on two variables: the type of injury and severity of steatosis.  

Following normothermic IRI in severe steatotic livers, IPC did not influence MF but in mild steatotic 

livers subjected to cold ischemia, IPC was able to decrease proton leak and improve RCR.  These findings 

suggest that IPC was able to improve mitochondrial membrane damage but only in mild hepatic steatosis, 

where the membrane is not as severely damaged as in livers with >30% steatosis.  Furthermore, IPC was 

not able to restore CI damage following normothermic IRI.
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The results of my studies provide some clinical implications.   

i) I have demonstrated that needle liver biopsy samples may be used for MF analysis and this 

may improve our assessment or monitoring of patients during the peri-operative period.  

ii) I have also demonstrated that steatotic livers have impaired MF, which contributes to the 

increased susceptibility of steatotic liver to IRI.   

iii) In liver transplantation, the results confirmed that steatotic livers should be subjected to short 

cold ischemic time, especially livers with moderate-severe steatosis.  Furthermore, we provide 

a mechanistic basis for the clinical recommendation.   

iv) In liver resection, the findings suggest that warm ischemia should be avoided or minimized in 

steatotic livers.   

v) With regards to IPC, IPC may be used in warm ischemia on the basis of decreasing liver injury 

but without any influence on MF or clinical outcome whereas in cold ischemia, IPC would be 

appropriate for mild steatotic livers only.   

vi) Based on my results, I would not recommend the use of IPC without further research into the 

population subset that would most benefit from this technique and in which type of surgery. 

 

Despite clearly demonstrating the impact of hepatic steatosis on hepatic MF in a genetic mouse model and 

a dietary-induced rat model of hepatic steatosis, there are some limitations to these studies that need to be 

acknowledged and taken into account when interpreting the results.  Firstly, the animal models used in my 

studies were different from each other.  The ob/ob mouse model was used in my pilot study to test my 

initial hypothesis and investigate the feasibility of such a study.  I acknowledge that the development of 

metabolic syndrome and hepatic steatosis in this mouse model is not prevalent but does provide a 

reproducible model of hepatic steatosis.  Additionally, the impact of leptin-deficiency on hepatic MF has 

not been well described and may have played a role in my initial results.  This led me to develop an 

animal model of hepatic steatosis based on dietary-induction similar to the clinical setting.  My findings in 

this model were consistent with that of ob/ob mouse livers and indicate MF was not significantly affected 

by leptin-deficiency.  My rat model was not insulin-resistant but as discussed, insulin-resistance may not 

be a cause of hepatic steatosis as previously thought [437].  Despite the lack of insulin-resistance, I 

observed MD in my rat model and this suggests that MD occurred in hepatic steatosis, irrespective of the 

insulin-tolerance status. 

 

Secondly, I did not use the isolated mitochondria for my MF analysis.  Isolated or purified mitochondria 

have been the “gold” standard for MF analysis, particularly mitochondrial kinetics.  However, the process 
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of mitochondrial isolation can result in the loss of fragile and/or damaged mitochondrial sub-populations.  

I initially selected mechanical tissue permeabilisation method as it provided suitable measurements of 

mitochondrial respiration without disrupting the network surrounding the mitochondria and required 

minimal tissues.  However, the permeabilised tissues were inconsistently homogenized within the 

oxygraph measurement chamber and to limit this variable, I decided to utilise tissue homogenisation 

technique.  Tissue homogenisation allowed avoidance of mitochondrial selection bias and decreasing the 

inconsistent disruption of tissue network in permeabilised tissue samples.  Furthermore, this technique 

was rapid and has been considered to be superior to mitochondrial isolation [441]. 

 

Third, I did not include animals treated with mitochondrial-specific therapies.  Mitochondrial-specific 

drug therapies have been promising experimentally [419] but have not been proven clinically or in 

steatotic livers.  For this reason, I selected to study IPC, a routinely used surgical technique that has 

previously been shown to decrease liver injury and potentially improve MF in steatotic livers.  However, I 

did not demonstrate a significant difference in MF between animals treated with and without IPC, and 

therefore concluded that IPC did not influence MF in this model. 

 

In conclusion, my results support the hypothesis that MD plays a critical role in the increased 

susceptibility of steatotic livers to IRI.  I demonstrated a strong association between the severity of 

steatosis and the presence of MD.  Using experimental models of hepatic steatosis, I showed that steatotic 

livers develop an inherent MD, which when subjected to further insult resulted in further impairment of 

MF.  I also demonstrated that IPC was only effective on steatotic liver MF in certain circumstances.  

Given the apparent MD in the steatotic livers shown in this and other studies, clinical practice should 

reflect on scientific evidence, and the use of steatotic livers should be approached with caution by 

surgeons during liver transplantation and resection. 
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Future direction 

The exact mechanism of MD in steatotic livers and interventions that would improve steatotic liver MF 

should be investigated with the aim of improving patient outcomes following liver surgery.  The findings 

from this thesis reveal several areas that would require further studies. 

 

First, the underlying mechanism behind MD in steatotic livers requires further studies in both cold and 

normothermic IRI.  One of the important findings in this thesis is the lack of understanding of MF in 

steatotic livers.  In addition, the mechanism of the decreased CI activity in steatotic livers after 

normothermic IRI and the increased proton leak in steatotic livers after cold ischemia should be further 

evaluated.  These mechanisms should also be evaluated in a clinical study to ascertain the clinical 

relevance of these findings. 

 

If MD is found to contribute to liver dysfunction in the clinical setting, the next stage of investigation 

would be to check if the mitochondrial-specific therapies can lead to an improvement in patient outcome 

following liver surgery.  In the setting of cold ischemia, mitochondrial membrane stabilisers (such as 

Cyclosporin A or Cyclosporin A analogue such as NIM811) may be needed to decrease proton leak while 

in normothermic IRI, CI-specific therapy (such as MitoSNO, which protects CI in ischemia [446], or 

CoEnzyme Q) may be important.  The exact therapeutic option will depend on the mechanism discovered 

but based on my studies, these are the likely therapeutic options.  

 

Another area that would require further investigation is the clinical relevance of MF analysis of needle 

liver biopsy samples.  The next study would likely involve a clinical study of hepatic MF analysis of 

patients with various liver diseases, particularly hepatic steatosis.  Additionally, this technique may 

potentially be applied to other organs for assessment of MF in their disease process.  However, hepatic 

MF analysis would need to be correlated with clinical outcome and liver disease in order to assess the 

relevance of the MF results.  This may provide liver surgeons with an additional tool for assessment of 

hepatic function. 
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Appendix 

 

All materials were purchased from Sigma-Aldrich (New South Wales, Australia) unless otherwise 

specified. 

 

 

A) Mitochondrial respiration media (MiRO5) 

 

MiRO5 made in 1000 ml batch (pH 7.0 at 37°C) containing: 

a) Ethylene glycol tetra-acetic acid (EGTA)  0.5 mM (0.19 g) 

b) Magnesium chloride (MgCl2.6H20)  3 mM (0.61 g) 

c) K-Lactobionate     60 mM (120 mL 0.5 M K-Lactobionate solution) 

[To make K-Lactobionate stock solution, dissolve 35.83 g Lactobionic acid in 100 ml H20 then adjust pH 

to 7.0 with 5 M potassium hydroxide (KOH) and adjust final volume to 200 ml with H20] 

d) Taurine      20 mM (2.502 g) 

e) Monopotassium phosphate (KH2PO4)  10 mM (1.361 g) 

f) HEPES solution     20 mM (4.77 g) 

g) Sucrose      110 mM (37.65 g) 

h) Bovine Serum Albumin fraction V (BSA)  1 mg / ml (1 g) 

 

 

B) Assay reagent for ADP analysis 

 

The range of sample concentration used in my experiments was 5 to 10 mg/ml. 

 

a) Tris-HCl buffer (pH 7.4)    38 mM 

b) MgCl2      6.66 mM 

c) Potassium Chloride (KCl)    0.12 M 

d) Phosphoenolpyruvate    1 mM 

e) NADH      0.32 mM 

f) LDH       57 Unit 

g) Pyruvate kinase     43 Unit
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C) Assay reagent for ATP analysis 

 

The range of sample concentration used in my experiments was 5 to 10 mg/ml. 

 

a) Tris-HCl buffer (pH 7.4)    38 mM 

b) MgCl2      6.66 mM 

c) KCl       0.12 M 

d) NADP+      0.33 mM 

e) Glucose      50 mM 

f) Glucose-6-phosphate dehydrogenase  1.26 Unit 

g) Hexokinase      5 mU 

 

 

D) Reagents for Complex I and Complex II analysis 

 

Homogenization buffer for Complex I and Complex II assay 

 

Buffer made to 500 ml with water, pH 7.2 and balance pH with 0.2 mM NaOH (~600-700 μL) or 1 mM 

NaOH (100-150 μL) 

a) Mannitol      210 mM (19.128 mg) 

b) Sucrose      70 mM (11.9805 g) 

c) HEPES      5 mM (595.75 mg) 

d) EGTA      1 mM (190.175 mg) 

 

 

Hypotonic buffer for Complex I and Complex II assay 

 

Buffer made to 500 ml with water (pH 7.2) 

a) KH2PO4      25 mM (1701.1 mg) 

b) MgCl2.6H20     5 mM (508.3 mg) 
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Assay reagent for Complex I analysis 

 

Reagent made up to 5 ml of water (Final pH 7.2) 

a) Potassium Phosphate    25 mM (17.01 mg) 

b) MgCl2      5 mM (5.085 mg) 

c) BSA       12.5 mg 

d) Potassium cyanide (KCN)    2 mM (0.6512 mg) 

[Alternatively, use Sodium Azide   2 mM (0.65 mg)] 

e) Antimycin-A     10 μg (2 μg/ml) 

f) Ubiquinone (Dissolve in ethanol)   65 μM (0.08 mg) 

[Alternatively, use Duroquinone (in water)  65 μM (0.053 mg)] 

g) NADH      0.065 mM (2.3 mg) 

 

 

Spectrophotometer (SpectraMax 340) set-up 

 

Setting       Kinetic 

Wavelength      340 nm 

Timing       First run 1 minute 

       Second run 3-5 minutes  

       Third run 3 minutes 

Interval between reads    3 second 

Automix      5 second before first read 

Strips       Highlight strips of plate containing samples 

 

 

Complex I enzymatic analysis 

 

a) The mitochondrial extract is diluted in hypotonic buffer (Section 16.4.2) and frozen in liquid nitrogen 

(or dry ice/ethanol slurry); and subjected to three rounds of freeze/thaw 

b) Add 305 μL (1 ml reaction), 152.5 μL (0.5 ml reaction) or 61 μL (0.2 ml reaction) of assay reagent 

c) Make up to 1, 0.5 or 0.2 ml with water in each cuvette, allowing for addition of sample volume
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d) Equilibrate cuvettes at 30oC for 5-10 minutes and record absorbance change for 1 minute to ensure that 

baseline signal is stable [If the absorbance of NADH is too strong, add half of assay reagent only] 

e) Add mitochondria (20-50 μg of protein) and measure the NADH:ubiquinone oxidoreductase activity for 

3-5 minute 

f) Add rotenone (2 μL of 2 μg/ml stock solution) 

[Stock solutions are 2 μg/ml – Add 1 μL of stock solution in 199 μL of ethanol] 

g) Measure the activity for an additional 3 minutes 

h) This assay can be performed using 2 cuvettes in parallel: one with and one without rotenone 

 

 

Assay reagent for Complex II analysis 

 

Reagent made up to 5 ml of water (Final pH 7.2) 

a) Potassium Phosphate    25 mM (17.01 mg) 

b) MgCl2      5 mM (5.085 mg) 

c) Sodium Succinate     20 mM (27.014 mg) 

d) DCPIP      50 μM (0.073 mg) 

e) Antimycin-A     10 μg (2 μg/ml) 

f) KCN      2 mM (0.6512 mg) 

[Alternatively, use Sodium Azide   2 mM (0.65 mg)] 

g) Rotenone      2 μg/ml 

 

 

Spectrophotometer (SpectraMax 340) set-up 

 

Setting       Kinetic 

Wavelength      600 nm 

Timing       First run 3 minute 

       Second run 3-5 minutes  

Interval between reads    3 second 

Automix      5 second before first read 

Strips       Highlight strips of plate containing samples 
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Complex II enzymatic analysis 

 

a) The mitochondrial extract is diluted in hypotonic buffer (Section 16.4.2) and frozen in liquid nitrogen 

(or dry ice/ethanol slurry); and subjected to three rounds of freeze/thaw 

b) Add 136 μL (1 ml reaction), 68 μL (0.5 ml reaction) or 27.2 μL (0.2 ml reaction) of assay reagent 

c) Make up to 1, 0.5 or 0.2 ml with water in each cuvette, allowing for addition of sample volume 

d) Equilibrate cuvettes at 30°C for 5-10 minutes 

e) Add and pre-incubate the mitochondria (10-50 μg) for 10 minutes at 30°C 

f) Record the baseline signal rate for 3 minutes 

g) The reaction is started by adding 1 μL/ml of 65 mM ubiquinone1 (16 mg in 1 ml ETOH) or 

duroquinone (10.67 mg in 1 ml ETOH) 

h) The enzyme-catalyzed reduction of DCPIP is measured for 3-5 minutes 

 

 

E) Homogenization buffer for citrate synthase and lactate dehydrogenase analysis 

 

Buffer made to 500 ml with 25 mM Tris-HCl (pH 7.8) 

a) EDTA      1 mM (146.15 mg) 

b) MgCl2      2 mM (203.3 mg) 

c) KCl       50 mM (1863.75 mg) 

d) Triton X-100     0.5% (250 μL of 10% Triton X-100) 

 

 

Assay reagent for citrate synthase analysis 

 

Reagent was made up to 22.5 ml with 50 mM Tris-HCl (pH 8.0) 

a) Acetyl CoA (Trilithium salt)   0.1 mM (2.024 mg) 

b) DTNB (5,5’-Disthiobis(2-bitrobenzoic acid) 0.2 mM (1.982 mg) 
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Spectrophotometer set-up for citrate synthase analysis 

 

Setting       Kinetic 

Wavelength      412 nm 

Timing       Run time 3 minute 

Interval between reads    3 second 

Automix      5 second before first read 

Strips       Highlight strips 1-3 of plate 

 

 

Citrate synthase standard 

 

CS standard for the assay is made up by diluting 1:1000 of CS stock solution (1 μL in 1 ml Tris-HCl, pH 

8.0).  The CS stock consists of 200 Unit CS (0.08 ml, 8.5 mg protein, 294 U/mg) or 106.25 mg/ml (8.5 mg 

protein/0.08 ml) and 31237 U/ml (294 U/mg times 106.25 mg/ml).  The dilution of 1:1000 provided a 

solution of 31.2 U/ml and 5 μL of the diluted solution will be used as the standard comparison in the 

analysis (156.19 mU/well, 5 μL times 31.2 mU/μL). 

 

 

Assay reagent for lactate dehydrogenase analysis 

 

Reagent was made up to 22.5 ml with 100 mM Tris-HCl (pH 8.0) 

a) EDTA      1 mM (10 mg) 

b) MgCl2      2 mM (10 mg) 

c) DTT       1 mM (3.8 mg) 

d) NADH      0.15 mM (2.66 mg) 

e) Pyruvate      20 μL of 1.5 mM pyruvate (4.9 mg in 3 ml water) 
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Spectrophotometer set-up for lactate dehydrogenase analysis 

 

Setting       Kinetic 

Wavelength      340 nm 

Timing       Run time 7 minute 

Interval between reads    3 second 

Automix      5 second before first read 

Strips       Highlight strips of plate with samples 

 

 

Lactate dehydrogenase standard 

 

LDH standard for the assay is made up by diluting 1:1000 of LDH stock solution (1 μL in 999 μL water).  

The LDH stock (Sigma #61311) consists of 709 U/mg protein and 10.3 mg protein/ml or 7302.7 U/ml 

(709 U/mg times 10.3 mg/ml).  The dilution of 1:1000 provided a solution of 7.303 U/ml and 5 μL of the 

diluted solution will be used as the standard comparison in the analysis (36.51 mU/well, 5 μL times 7.302 

mU/μL). 

 

 

F) Biuret reagent for protein analysis 

 

The reagent is made up to 1000 ml final volume and consists of the following substances. 

a) Sodium potassium tartrate    0.03 M (9 g) 

b) Copper sulphate     0.012 M (3 g) 

c) Potassium iodide     0.03 M (5 g) 

The substances above are dissolved in order in 400 ml of 0.2 M NaOH (0.8 g NaOH in 100 ml water) 

before bringing to final volume of 1000 ml.  The final volume can be scaled up or down as necessary.  If a 

black precipitate forms, the solution must be discarded. 
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G) Hematoxylin & eosin staining protocol 

 

a) Fresh cut cryosection slide were placed into 95% ethanol 

b) The slide was washed in tap water to remove the ethanol 

c) The slide was placed in Gill’s hematoxylin for 2-5 minutes 

d) Excess stain was rinsed off in running tap water and drained 

e) The slide was then dipped (1-2x) in 1% acid alcohol 

f) Rinsed in running tap water 

g) Placed in S.T.W.S. (Scott’s Tap Water Substitute) for 30 seconds until color changed to blue 

h) Washed in running tap water for 5 minutes 

i) Submerged in eosin (2% aqueous, LR mix) for 1-5 minutes 

j) Quick rinse in tap water and drained 

k) Dehydrated 6 times each through 95% and 100% ethanol 

l) Dipped in xylene 6 times and held in xylene until coverslip was applied 

m) Mount with resin and coverslip applied 

 

 

H) Oil red O staining protocol 

 

a) Sample was defrosted, dried and rinsed 

b) Slide was submerged in ORO working solution for 5-10 minutes in a closed vessel 

c) Washed in running tap water for 5 minutes 

d) Submerged in Gill’s hematoxylin for 30 sec to 3 minutes 

e) Excess stain was rinsed in running tap water 

f) Slide was dipped in 1% acid alcohol once for differentiation 

g) Washed in running tap water for 5-10 minutes 

h) Slide mounted with an aqueous mounting media and coverslip applied 
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I) University of Wisconsin solution composition 

 

a) Potassium lactobionate     100 mM 

b) KH2PO4       25 mM 

c) MgSO4       5 mM 

d) Raffinose       30 mM 

e) Adenosine       5 mM 

f) Glutathione       3 mM 

g) Allopurinol       1 mM 

h) Hydroxyethyl starch     50 g/L 
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