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 Abstract 

 

Clinical success of hepatectomy relies on the liver’s unique capacity to 

regenerate, a highly energy-dependent process. When this capacity is surpassed 

Posthepatectomy Liver Failure (PHLF) ensues, resulting in increased morbidity and 

mortality.  

Mitochondria are the powerhouses of the eukaryote cell and decision-makers of 

cell death. Mitochondrial metabolism supplies the energy for liver regeneration, but the 

clinical consequences of mitochondrial dysfunction in posthepatectomy morbidity and 

liver function are presently unknown. Other unresolved issues are the effects of 

chemotherapy-associated liver injury (CALI) on outcome, as well as the possible 

contribution of bioenergetic dysfunction to the pathogenesis of CALI. Finally, two-

stage hepatectomies rely on an extremely rapid and significant inter-stages regenerative 

response, but the energetic adaptations taking place in the future liver remnant (FLR) 

are largely unknown. Mitochondrial oxidative phosphorylation and respiration are key 

events in cellular energy metabolism and can be directly measured in liver biopsies. 

In this Doctoral Thesis the following objectives were pursued: 1) Review the 

role of energy metabolism in liver regeneration; 2) Determine whether changes in 

mitochondrial function correlate with clinical outcome in Humans undergoing 

hepatectomy; 3) Assess the impact of hepatic pedicle clamping (HPC) on intraoperative 

mitochondrial function; 4) Evaluate the impact of chemotherapy-induced hepatotoxicity 

on postoperative morbidity and the putative role of mitochondrial dysfunction in its 

pathogenesis; 5) Investigate the bioenergetics adaptations underlying the enhanced 

regenerative response taking place in two-stage hepatectomies. 

For the first objective, a non-systematic review of relevant published material in 

the English language was conducted. Reference lists were cross-checked for further 

relevant publications. Mitochondrial oxidative phosphorylation was summarily 

reviewed, as well as the role of mitochondria in both apoptotic and necrotic cell death. 

The key role of mitochondrial metabolism in the cellular events leading to liver 

regeneration was confirmed. 



Abstract / Resumo 

 

22 

 

For the second and third objectives, both experimental and clinical works were 

performed. First, a prospective study of patients undergoing hepatectomy for diverse 

indications (N=30) was conducted. Liver biopsies were performed in two distinct 

moments, at the beginning and at the end of surgery. Mitochondria were isolated and 

membrane potential and respiration were measured. Mitochondrial lag phase, reflecting 

the time required for adenosine diphosphate phosphorylation, presented high sensitivity 

and specificity for prediction of PHLF; a finding previously unreported in the scientific 

literature. Several key markers of postoperative liver function presented significant 

correlations with intraoperative fluctuations in mitochondrial membrane potential and 

respiration. An experimental study (N=35 male Wistar rats) was also outlined to explore 

the effect of 70% hepatectomy with HPC on energy metabolism, liver function and 

injury. In both studies, clinical and experimental, HPC was associated with depressed 

mitochondrial function. 

The fourth objective was addressed with two different methods. First, a clinical 

and pathologic review of 140 patients undergoing hepatectomy for colorectal cancer 

liver metastases was performed to look into the incidence, pathological spectrum and 

clinical consequences of CALI. Sinusoidal obstruction syndrome (SOS) was present in 

52% of patients and independently associated with overall and liver-specific morbidity. 

Secondly, an experimental study (N=12 male Wistar rats), attempted to replicate a 

previously described animal model of SOS. Hepatectomy with HPC was performed to 

explore the possible link of mitochondrial dysfunction in the pathogenesis of 

posthepatectomy liver dysfunction in CALI. Although the characteristic histologic 

findings of SOS were not found, chemotherapy-treated animals presented evidence of 

disturbed hepatocellular bioenergetics, namely longer lag phase and increased 

mitochondrial size. 

Finally, another original prospective clinical study was conducted on patients 

undergoing the Associating Liver Partition and Portal Vein Ligation for Staged 

Hepatectomy (ALPPS) procedure (N=5). In this study, mitochondrial membrane 

potential and respiration were measured as well as gene expression profile. An inter-

stages increase in energetic capacity was demonstrated in the FLR, as well as a strong 

and significant correlation of energy status with inter-stages volume growth. An 

increased expression of several genes associated with liver regeneration (Augmenter of 
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Liver Regeneration; Small heterodimer partner; Signal Transducer and Activator of 

Transcription 3), mitochondrial biogenesis (Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha) and energy metabolism (Cytochrome oxidase subunit I; 

Nicotinamide phosphoribosyltransferase) was also described. To our knowledge, this is 

the first ever documentation of adaptations in energy metabolism in two-stage 

hepatectomies in Humans. 

In conclusion, not only is Liver Regeneration highly dependent on energy 

metabolism, but also mitochondrial dysfunction was demonstrated to be involved in the 

pathogenesis of PHLF. The clinical relevance of mitochondrial bioenergetics in clinical 

liver resection deserves further exploration, with particular emphasis on the accurate 

perioperative staging of liver energy status as well as energy-conditioning therapies 

aiming at decreasing morbidity and mortality. 
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Resumo 

 

O sucesso clínico da Cirurgia Hepática de exérese depende da capacidade 

singular do fígado para regenerar, um processo altamente dependente de energia. 

Quando esta capacidade é ultrapassada, desencadeia-se a Insuficiência Hepática Pós-

Hepatectomia (PHLF), com consequente morbi-mortalidade. 

As mitocôndrias são as responsáveis pela produção de energia nas células 

eucariotas e decisores-chave na morte celular. O metabolismo mitocondrial fornece 

energia para a regeneração hepática, mas desconhecem-se as consequências clínicas da 

disfunção mitocondrial sobre a morbilidade e função hepatocelular pós-hepatectomia. 

Outra questão que ainda carece definição é o efeito da lesão hepática associada à 

quimioterapia (CALI) nos resultados clínicos, bem como o possível papel do 

metabolismo energético na sua patogénese. Finalmente, as hepatectomias iterativas 

dependem de uma importante resposta regenerativa, mas as adaptações energéticas que 

ocorrem no fígado remanescente (FLR) são desconhecidas. A fosforilação oxidativa e a 

respiração mitocondriais são eventos-chave no metabolismo energético e podem ser 

medidas directamente em biópsias hepáticas. 

Nesta dissertação doutoral foram perseguidos os seguintes objectivos: 1) 

Revisão do papel do metabolismo energético na regeneração hepática; 2) Determinar a 

relação entre a função mitocondrial e os resultados clínicos após hepatectomia no 

Humano; 3) Avaliar o impacto da clampagem do pedículo hepático (HPC) sobre a 

função mitocondrial; 4) Aferir as consequências da hepatotoxicidade induzida pela 

quimioterapia na morbilidade pós-hepatectomia, bem como o papel da disfunção 

mitocondrial na sua patogénese; 5) Investigar as adaptações bioenergéticas subjacentes 

à marcada resposta regenerativa que ocorre nas hepatectomias iterativas. 

Para o primeiro objectivo foi realizada uma revisão não sistemática da literatura 

em língua inglesa, com pesquisa de artigos presentes nas listas de referências. A 

fosforilação oxidativa foi sumariamente revista, bem como o papel das mitocôndrias 

nos processos de apoptose e necrose. Foi assim confirmado o papel do metabolismo 

mitocondrial nos eventos celulares que culminam na regeneração hepática. 
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Para responder ao segundo e terceiro objectivos foram realizados um estudo 

experimental e outro clínico. Em primeiro lugar, foram estudados prospectivamente 

doentes submetidos a hepatectomia por indicações diversas (N=30), com realização de 

biópsias hepáticas intra-operatórias, no início e no final da intervenção, e medição do 

potencial de membrana e respiração mitocondriais. A “lag phase” mitocondrial, o 

tempo necessário à completa fosforilação da adenosina difosfato, apresentou uma 

elevada sensibilidade e especificidade na previsão de PHLF, um achado nunca antes 

reportado. Vários marcadores de função hepatocelular pós-operatória apresentaram 

correlações significativas com a flutuação peri-operatória do potencial de membrana e 

respiração mitocondriais. Para além disso, um estudo experimental (N=35 ratos Wistar 

machos) foi desenhado para explorar o efeito da hepatectomia de 70% com HPC no 

metabolismo energético e na função e lesão hepática; em ambos os estudos foi 

confirmado o efeito deletério da HPC sobre a função mitocondrial. 

A resposta ao quarto objectivo decorreu de dois modos distintos. Em primeiro 

lugar, foi realizada uma revisão clínica e patológica de 140 doentes submetidos a 

hepatectomia por metástases de cancro colo-rectal, com o intuito de definir a incidência, 

espectro patológico e consequências clínicas da CALI. O síndrome de obstrução 

sinusoidal (SOS), presente em 52% dos doentes, associou-se de forma independente 

com a morbilidade global e relacionada com o fígado. Em segundo lugar, procurou-se 

replicar um modelo animal de SOS num estudo experimental (N=12 ratos Wistar 

machos). Neste, realizaram-se hepatectomias com HPC de modo a explorar uma 

possível conexão entre disfunção mitocondrial e disfunção hepatocelular na CALI. 

Embora não tenham sido obtidas as lesões histológicas típicas do SOS, os animais 

tratados com quimioterapia apresentaram significativa perturbação da bioenergética 

hepatocelular, nomeadamente “lag phase” mais prolongada e aumento do tamanho 

mitocondrial. 

Finalmente, outro estudo clínico prospectivo original foi conduzido em doentes 

submetidos a Associação de Laqueação Portal com Secção Parenquimatosa para 

Hepatectomia a dois tempos (ALPPS) (N=5); neste estudo foi realizada a avaliação da 

bioenergética mitocondrial e a análise da expressão génica. Verificou-se um aumento da 

função mitocondrial entre estadios, bem como uma correlação forte e significativa entre 

o status energético e o crescimento volumétrico do FLR. Foi ainda objectivado um 
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aumento da expressão de diversos genes associados à regeneração hepática (Augmenter 

of Liver Regeneration; Small heterodimer partner; Signal Transducer and Activator of 

Transcription 3), biogénese mitocondrial (Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha) e metabolismo energético (Cytochrome oxidase subunit I; 

Nicotinamide phosphoribosyltransferase). Tanto quanto nos é dado saber, trata-se da 

primeira vez que, no Homem, se relatam adaptações do metabolismo energético em 

hepatectomias iterativas. 

Em conclusão, poder-se-á dizer que não só a regeneração hepática é um 

processo altamente dependente de energia, mas, também, que a função mitocondrial 

assume um papel relevante na fisiopatologia da PHLF. A possível relevância clínica da 

bioenergética mitocondrial na Cirurgia Hepática merece exploração mais detalhada, 

com particular ênfase na correcta aferição da capacidade energética peri-operatória, mas 

também na possibilidade de melhorar os resultados, com o uso de terapêuticas de 

condicionamento energético do FLR, reduzindo a morbi-mortalidade. 
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5-FU 5-fluorouracil 

AALF Acetaminophen-induced acute liver failure 

ADP Adenosine diphosphate 

AKBR Arterial Ketone Body Ratio 

ALPPS Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy 

ALR Augmenter of Liver Regeneration 

ALT Alanine aminotransferase 

ANT Adenine Nucleotide Translocator 

AST Aspartate aminotransferase 

ATP Adenosine triphosphate 

ATP/Pi Adenosine triphosphate to phosphate ratio 

BDL Bile duct ligation 

BLAST Basic Local Alignment Search Tool 

BSA Bovine serum albumin 

CACT Carnitine-acetylcarnitine translocase 

CALI Chemotherapy-associated liver injury 

CASH Chemotherapy-associated steatohepatitis 

cDNA Complementary deoxyribonucleic acid 

CECT Contrast-enhanced computed tomography 

CK Creatine kinase 

COX Cytochrome oxidase 

COX1 Cytochrome oxidase subunit I 

COX4 Cytochrome oxidase subunit IV 

CRLM Colorectal cancer liver metastases 

CT Computed tomography 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

EDTA Ethylenediaminetetraacetic acid 
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EGF Epidermal growth factor 

EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid 

ETC Electron transport chain 

FA Fatty acids 

FADH2 or FAD Flavin adenine dinucleotide 

FLR Future liver remnant 

FOLFIRI Association of 5-fluoruracil with irinotecan  

FOLFOX Association of 5-fluoruracil with oxaliplatin 

FXR Farnesoid X receptor 

GLDH Glutamate dehydrogenase 

GLP-1 Glucagon-like peptide 1 

GR Growth rate 

GSH Glutathione 

H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate 

HABR Hepatic Artery Buffer Response 

H&E Haematoxylin and Eosin 

HBO Hyperbaric oxygen 

HCC Hepatocellular carcinoma 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HGF Hepatocyte Growth Factor 

HPC Hepatic Pedicle Clamping 

HR Hazard ratio 

ICG Indocyanine Green 

IL-6 Interleukin 6 

INR International Normalized Ratio 

IRI Ischemia-reperfusion injury 

IQR Interquartile range 

ISGLS International Study Group for Liver Surgery 
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KGR Kinetic growth rate 

LDH Lactate dehydrogenase 

LOS Length of stay 

MaHp Major hepatectomy 

MARS Molecular Adsorbent Recirculating System 

MCT Monocrotaline 

MELD Model for End Stage Liver Disease 

miHp Minor hepatectomy 

MPT Mitochondrial permeability transition 

mtDNA Mitochondrial deoxyribonucleic acid 

NADH or NAD+ Nicotinamide adenine dinucleotide 

NAMPT Nicotinamide phosphoribosyltransferase 

NCBI National Center for Biotechnology Information 

NCT Neoadjuvant chemotherapy 

NIM811 N-methyl-4-isoleucine cyclosporine 

NRF-1 Nuclear respiratory factor 1 

NRF-2 Nuclear factor erythroid 2-related factor 2 

OR Odds ratio 

PCR Polymerase chain reaction 

PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PHLF Posthepatectomy Liver Failure 

PVA Portal vein arterialization 

PVE Portal vein embolization 

PVL Portal vein ligation 

PVP Portal vein pressure 

RCR Respiratory Control Ratio 

RNA Ribonucleic acid  

ROS Reactive oxygen species 
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RR Relative risk 

SAMe S-adenosyl-L-methionine 

SD Standard deviation 

SEC Sinusoidal endothelial cell 

SEM Standard error of the mean 

sFLR Standardized future liver remnant 

SFSS Small-for-size syndrome 

SH Steatohepatitis 

SHP Small heterodimer partner 

SirT1 Sirtuin 1 

SOS Sinusoidal obstruction syndrome 

STAT3 Signal Transducer and Activator of Transcription 3 

TEM Transmission electron microscopy 

TFAM Mitochondrial transcription factor A 

TGF-α Transforming growth factor alpha 

TNF-α Tumor Necrosis Factor α 

TPP Tetraphenylphosphonium 

TRAIL-R1 Tumor necrosis factor-related apoptosis-inducing ligand receptor 1 

TRAIL-R2 Tumor necrosis factor-related apoptosis-inducing ligand receptor 2 

UCP-2 Uncoupling protein 2 
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The current Doctoral Thesis revolves around the subject of Energy, which is 

defined as “the capacity of a system to perform work” (Koolman, Roehm, 2005). The 

Liver is the master regulator of complex multicellular animals and the inexhaustible 

guardian of metabolic equilibrium. Either storing energy in the fed state, or releasing it 

for other organs in the fast state, the Liver also synthetizes most of plasma proteins, 

metabolizes and excretes endogenous and exogenous organic molecules in the bile, 

while maintaining a discrete, yet vital, immune function. Furthermore, the Liver has the 

extraordinary capacity to recuperate after insults, restoring its original size and function. 

Such is the Liver’s work. 

This potential for regeneration is the cornerstone of modern Hepatic Surgery, 

whereby patients with primary and secondary malignant neoplasms are amenable to 

cure after resection of a significant fraction of liver parenchyma, without resulting in 

any permanent curtailment of function. Notwithstanding, Liver Regeneration is on 

occasion inadvertently pushed beyond its limits. This results in one of the most ominous 

complications of liver resection, Posthepatectomy Liver Failure, culminating in the 

collapse of the metabolic building of the entire organism. 

But what fuels Liver Regeneration? Where does the Liver obtain the energy to 

replenish its cell population while ensuring the metabolic stability of the internal 

milieu? More importantly, what energetic adaptations occur after liver resection and 

how is the energy status related to the postoperative outcome? And how does hepatic 

pedicle clamping influence liver energy status? What is the effect of chronic liver 

disease on energy metabolism and on the response to surgical insult? Moreover, what 

energy-based measures could be used for earlier detection, and even prevention, of the 

dreaded Posthepatectomy Liver Failure? And finally, what is the energy source for the 

short-interval two-stage hepatectomies, one of the most dramatic and risky challenges 

that modern Hepatic Surgery places to Liver Regeneration? These were the research 

questions underlying this project. 

Soon a singular intracellular organelle assumed a pivotal role. Like the Liver, 

Mitochondria are tireless providers of energy. By breaking down the carbon skeleton of 

organic molecules in the presence of oxygen, Mitochondria supply heterotrophic 

eukaryote cells with the fuel for all of Life’s functions. Additionally, they are key 

regulators of cell death. If they malfunction the cell succumbs, relinquishing all activity. 
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So, as the Liver is the metabolic coordinator of the Body, so are Mitochondria of the 

Cell.  

Under these postulates, research was conducted in a translational perspective. 

Questions arose in the clinical setting, where rare, yet vexing cases of posthepatectomy 

liver dysfunction ignited an intellectual unrest. The interrogations led to the laboratory, 

where more profound insights were investigated, giving rise to novel problems and 

innovative perspectives. And the quest for answers began. Theories were formulated 

and tested. Results were compared and discussed. New information was collected and 

summarized. And the end result of this work is: “Energy for Liver Regeneration: 

Mitochondrial Bioenergetics and the Pathogenesis of Posthepatectomy Liver 

Dysfunction”. 

This Thesis is thus divided into four chapters. In the introductory chapter, 

Chapter I - “Mitochondria and Liver Regeneration: Review of the Role of Energy 

Metabolism in the Pathophysiology of Posthepatectomy Liver Failure”, the evidence for 

the contribution of mitochondria in liver regeneration is scrutinized. Relevant scientific 

literature, both in the fields of Basic and Applied sciences, was searched and critically 

revised, with emphasis on the ramifications of mitochondrial function in the biological 

processes occurring after liver resection. The clinical pertinence of the subject was 

highlighted, mostly on three distinct tracks. First, as a growing proportion of patients 

undergo resection of a chronically diseased liver parenchyma, the relevance of energy 

status in the setting of diverse chronic hepatic disorders was explored. Secondly, 

diagnostic markers of bioenergetics derangement for the earlier and more sensitive 

detection of postoperative liver dysfunction were examined. And finally, the exhilarant 

possibility of novel mitochondrial-based therapies for the improvement of 

posthepatectomy outcome was reviewed. 

In Chapter II - “Mitochondrial Bioenergetics, Hepatic Pedicle Clamping and 

Posthepatectomy Liver Dysfunction”, original scientific data are displayed, in the search 

for a nexus between energy status and clinical results of hepatectomy. Both clinical and 

experimental works are detailed, and a definite link for mitochondrial homeostasis in 

the liver’s recovery after ischemic and surgical insult is explored. And mitochondrial 

oxidative phosphorylation is for the first time authenticated as a relevant vector in the 

patient’s clinical outcome. 
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Given the high incidence of colorectal cancer in developed nations, the 

prevalence of liver metastases, as well as the definite benefits for their resection on 

patient outcome, this Thesis was compelled to interrogate on this subject. In particular, 

on a novel form of liver impairment, Chemotherapy-Associated Liver Injury. This was 

the leitmotif for Chapter III - “Chemotherapy-Associated Liver Injury and 

Posthepatectomy Morbidity: Possible contribution of Mitochondrial Dysfunction to the 

Pathogenesis of Sinusoidal Obstruction Syndrome”. As evidence emerges for a 

significant deterioration of liver reserve in this setting, a putative link with deranged 

energy homeostasis was explored. An original retrospective clinical study on the 

prevalence, pathologic spectrum and clinical consequences of chemotherapy-induced 

parenchymal injury was conducted and presented. And an experimental model was 

conceptualized to investigate a vinculum with mitochondrial dysfunction, with the 

results detailed. 

Although the indications for hepatectomy are expanding, the limits of resection 

were at a standstill until recently, when a novel cutting-edge approach in the Liver 

surgeons’ armamentarium emerged. Drawing on the liver’s notable capacity to 

regenerate, and sometimes tipping this delicate equilibrium beyond its limits, the 

Associating Liver Partition with Portal Vein Ligation for Staged Hepatectomy was 

inadvertently discovered and developed. This remarkable technique undoubtedly relies 

on the extremes of liver regenerative capacity, and possibly also on the bare limits of 

energy homeostasis. This was again the focus of original clinical research unveiled in 

the final chapter, Chapter IV – “Bioenergetic Adaptations of the Liver in the ALPPS 

Procedure: How Liver Regeneration Correlates with Mitochondrial Energy Status”.  

Here mitochondrial metabolism proved, once again, to be a ponderous factor in clinical 

outcome. 

A dissertation on the most meaningful findings of this Thesis, as well as a 

discussion on the possible avenues to pursue in further research is laid out in the 

Concluding Remarks section. And illustrating several salient aspects of Bioenergetics in 

Liver Surgery, a pictorial essay of original photographs is presented in the Colour Plate 

section.  

With this Thesis, a Surgeon-Investigator’s effort is not complete, however. 

Much more remains to be explored. And the enthralling encounter of two fascinating 
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disciplines – Bioenergetics and Liver Surgery – will surely give rise to new questions; 

and to the pursuit for new answers. Energy will surely be devoted to this work! 

      

 

Coimbra, March 2017 
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Introduction  

Liver resection, founded on anatomical principles [1], is the only curative 

therapy for most patients with hepatobiliary malignancies [2–6]. Resection of a 

substantial amount of liver mass is only possible due to the liver’s remarkable capacity 

to regenerate [7]. However, when this process is hampered Posthepatectomy Liver 

Failure (PHLF) ensues. PHLF is a severe complication of liver resection, with 

incidences ranging between 2.1 and 10.6% [8–10], resulting not only in perioperative 

mortality of up to 54% [11], but also severe morbidity, long-term deterioration in liver 

function and decreased long-term survival [12,13]. PHLF is characterized by jaundice, 

ascites, encephalopathy and is usually complicated with renal dysfunction and sepsis 

[9,14]. 

The mechanisms behind liver regeneration have been the focus of intense 

research in the fields of Biology and Clinical Medicine [15–18]. Being a highly energy 

dependent chain of events, liver regeneration is influenced by the energy status of the 

main parenchymal cell – the hepatocyte. Mitochondria are the powerhouses of 

eukaryote cells and key players in cell death. As such, they play a major role in the 

organ’s response to major resection. Although this subject has been the focus of 

investigation in the past, recent findings have led to a renewal of interest on disordered 

bioenergetics in liver surgery [19–22]. And even more so, as the most upstream 

mechanisms that trigger liver regeneration are slowly but surely unravelled, a definite 

role for energy balance is gaining importance, putting the spotlight on mitochondria as 

one of the master regulators of liver regeneration [23–26]. 

In this Chapter we will review the energetic mechanisms fuelling liver 

regeneration, with emphasis on the role of mitochondria in energy homeostasis and cell 

death. We will scrutinize the experimental and clinical evidence supporting a major role 

for mitochondria in the liver’s response to resection, as well as the relevance of 

mitochondrial derangement in the pathophysiology of PHLF. Furthermore, as a 

significant proportion of patients undergoing hepatectomy have chronic liver diseases, 

namely cirrhosis, biliary obstruction, steatosis or sinusoidal obstruction syndrome, 

which are at increased risk of PHLF, we will recapitulate the disordered bioenergetics in 

the pathophysiology of these conditions. We will also look into the possibility of 
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accurately predicting postoperative liver failure with non-invasive markers of 

mitochondrial dysfunction, ultimately allowing an earlier diagnosis of PHLF and the 

timely institution of therapy. Finally, we will elaborate on the evidence for a definitive 

role of boosting energetic status of the liver parenchyma in improving the clinical 

results of hepatectomy.  

 

1. Mitochondria – The Powerhouse of Eukaryote cells 

Mitochondria are singular organelles. They are descendent of α-proteobacteria 

perfectly integrated with their host eukaryote cells, recapitulating one of the most 

ancient symbiotic relationships of life on planet Earth and propelling eukaryotes’ 

evolution into complex multicellular organisms [27]. They provide over 90% of the 

energy supply under aerobic conditions and are also key regulators of intracellular 

calcium and programmed cell death [28]. Like their prokaryotic ancestors, mitochondria 

are composed of an outer and an inner membrane (separated by the intermembrane 

space) and a matrix containing a complex enzymatic machinery and a circular 

deoxyribonucleic acid (DNA) molecule. 

 Since the liver is the hub of whole-body homeostasis, it is no surprise that there 

is a constant need for energy in liver cells to perform the diverse anabolic and catabolic 

reactions involving carbohydrate, lipid, protein, purine and xenobiotic metabolism. The 

energy for this, in the form of adenosine tri-phosphate (ATP), is provided by 

mitochondria, through the process of oxidative phosphorylation. In aerobic conditions 

acetyl-coenzyme A (resulting from glycolysis and from β-oxidation of free fatty acids) 

is completely oxidised to carbon dioxide in the tricarboxylic acid cycle, in which two 

coenzymes are reduced: nicotinamide adenine dinucleotide (NAD+) and flavin adenine 

dinucleotide (FAD) [29]. Both β-oxidation of free fatty acids and the tricarboxylic acid 

cycle take place in the mitochondrial matrix. The reduced forms of NAD+ and FAD, 

NADH and FADH2 respectively, transfer their electrons sequentially to the enzyme 

complexes I to IV of the electron transport chain (ETC), in the mitochondrial inner 

membrane, to the final acceptor, molecular oxygen, yielding water. During electron 

transport, protons (H
+
) are pumped into the intermembrane space, creating an 

electrochemical gradient across the mitochondrial inner membrane (proton-rich and 
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positively charged in the intermembrane space, versus proton-poor and electro-negative 

in the matrix). The movement of protons back to the mitochondrial matrix is coupled to 

ATP synthesis by complex V, F1F0 ATP-synthase. This enzyme uses the energy of 

proton movement across the gradient for phosphorylation of adenosine di-phosphate 

(ADP), generating ATP. The net yield of these reactions is the production of 32 mol of 

ATP for every mol of glucose [30]. 

 Oxidative phosphorylation is an extremely efficient process, because energy 

transfer occurs in small steps, with several intermediary molecules and without much 

dissipation of energy as heat. In spite of this, the transfer of electrons is sometimes 

incomplete, leading to the production of reactive oxygen species. Reactive oxygen 

species (ROS) is a collective term that broadly describes a variety of molecules and free 

radicals (chemical species with one unpaired electron) derived from molecular oxygen: 

superoxide, singlet oxygen, hydrogen peroxide, and hydroxyl radical. Production of 

ROS is a physiologic event at basal levels and deleterious consequences are usually 

prevented by several cellular antioxidant defence mechanisms, such as glutathione, 

superoxide dismutase and catalase [31]. However, excessive production of ROS (for 

instance in conditions of ischemia-reperfusion injury) can overwhelm these defences 

and cause cell damage. Mitochondria are not only the producers but also the main 

victims of increased ROS formation. Two mitochondrial elements are particularly 

susceptible to oxidative stress: DNA and inner membrane lipids. Mitochondrial DNA 

(MtDNA) is extremely sensitive to oxidative damage as it is located close to the inner 

membrane (where most ROS are formed), lacks protective histones and has incomplete 

repair mechanisms. Since it encodes 13 essential proteins for the ETC, mutations in 

MtDNA can severely impair electron transport, propagating the vicious circle of 

energetic dysfunction and oxidative damage. Lipid peroxidation by ROS, in particular 

cardiolipin, can further compromise ETC function [32].  

Besides the obvious contribution of mitochondrial dysfunction in cell death by 

necrosis (ATP depletion causes failure of ATP-dependent ionic pumps and osmotic cell 

swelling and death), mitochondria are also involved in apoptosis. In conditions of 

mitochondrial calcium overload, especially during ischemia-reperfusion injury (IRI), a 

non-selective conductive pore (the mitochondrial permeability transition – MPT) is 

formed in the mitochondrial outer membrane, allowing the leakage of protons (with 
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subsequent reduced energy efficiency) and cytochrome c into the cytoplasm thus 

activating the caspase-3 cell death pathway [33]. 

Mitochondrial quality is tightly regulated by a delicate balance between 

formation of new mitochondria, in the process of mitochondrial biogenesis; and 

degradation by autophagy. Several genes and transcription factors are responsible for 

the tight regulation of mitochondrial biogenesis, namely the mitochondrial transcription 

factor A (TFAM) and Peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC-1α), ensuring a coordinated collaboration between the mitochondrial 13-

gene DNA and the nuclear genome [34,35]. Mitochondrial autophagy or mitophagy, is 

the process by which old or damaged mitochondria are engulfed in autophagosomes and 

trafficked to lysosomes, thus maintaining a healthy and functioning mitochondrial pool 

[36,37]. Remarkably, liver mitochondria have higher turnover rates than mitochondria 

in other tissues [38]. 

 

2.  Liver Regeneration – A highly energetic cellular process 

Liver regeneration is a highly energy dependent process (Figure 1.1). After 

hepatectomy the regenerative stimulus causes hepatocytes to undergo cell cycle 

progression, DNA replication and protein synthesis, processes that require a large 

amount of energy [15], mostly derived from β-oxidation of fatty acids [39]. Although 

the increase in ATP synthesis precedes the peak in DNA synthesis [40,41], the net result 

is a significant drop in liver ATP, more pronounced the more extended the resection of 

parenchyma, as more energy is required for the diverse anabolic reactions of cell growth 

and division. In fact, as early as 30 seconds after hepatectomy there is a 50% decrease in 

liver ATP stores in rodents [24]. The decrease in ATP reaches a nadir at 48 hours but is 

expected to fully recover by the fifth day. Likewise, there is a decrease in ATP to 

phosphate (ATP/Pi) ratio, that significantly correlates with postoperative liver function 

and markers of cellular proliferation [42]. Although the evidence for this is mostly 

experimental, Mann et al, using 
31

Phosphorus Magnetic Resonance Spectroscopy, 

demonstrated that hepatectomy in human subjects was also associated with an early fall 

in ATP/Pi ratio [43].  
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Figure 1.1 - Bioenergetics and liver regeneration 

Serial changes in ATP and DNA synthesis after hepatectomy. DNA synthesis, a key event in cell cycle progression, is 

preceded by important metabolic adaptations of liver cells, providing the energy for liver regeneration. As most of the 

energy produced in liver cells is derived from the aerobic β-oxidation of free fatty acids by mitochondria, liver 

regeneration is thus dependent on a constant oxygen supply as well as on adequate mitochondrial homeostasis 

(reproduced from Ozawa et al [41], with permission).  

 

In order to sustain the increased requirements of ATP to fuel liver regeneration, 

hepatocytes undergo a series of metabolic adaptations. In the first hours after 

hepatectomy there is an increase in mitochondrial DNA and RNA in the remnant liver 

[44], augmented expression of several enzymes involved in electron transport and β-

oxidation of fatty acids (FA’s), such as cytochrome c oxidase and carnitine O-

palmitoyltransferase [45]. Ultimately this leads to an overall overexpression of the 

energy-producing enzymatic machinery in the first two to four days after hepatectomy 

[46]. In a rodent model of 50% hepatectomy, Cao et al demonstrated that of the 87 

different proteins expressed during liver regeneration, 25 were mitochondrial proteins, 

especially involved in carbohydrate and lipid metabolism [47]. Interestingly, after 

resection hepatocytes also overexpress the thyroid hormone receptor β-2 [45], making 

them more sensitive to the action of thyroid hormone, triiodothyronine, a key inducer of 

the β-F1 subunit of ATP synthase and of mitochondrial biogenesis [48,49]. The 

importance of mitochondrial biogenesis in liver regeneration is further demonstrated by 

the role played by mitochondrial topoisomerase 1, a key enzyme for the replication of 

the circular 13-gene mitochondrial DNA. In a model of toxic-induced liver injury, 
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knock-out mice for this enzyme presented with decreased mitochondrial DNA, lower 

activities of ETC complexes I and IV and impaired hepatocyte replication [50]. 

These adaptations are paramount for the increased metabolic demand of liver 

regeneration, as the recovery in energy status is preceded by an enhanced liver oxygen 

consumption, which in turn is followed by the peak in DNA replication [51]. As a proof 

of concept of the importance of hepatic energy status in liver regeneration, Satoh et al, 

in an elegant experiment, used knock-in mice expressing creatine kinase (CK) in liver 

cells. CK is normally expressed in skeletal and cardiac muscle, and in brain tissue, but 

not in the liver. It constitutes an alternate source for adenosine triphosphate (ATP) 

production by the transfer of a high-energy phosphate from creatine phosphate to ADP. 

In this experiment, mice with liver expression of CK were fed either a high-creatine diet 

or a control diet. After 70% hepatectomy, creatine-fed animals had higher hepatic ATP 

synthesis and displayed increased bromodeoxyuridine incorporation and liver weight 

gain, versus CK-positive controls with normal diet [52]. 

Since the availability of ATP is ultimately dependent upon the proper function 

of mitochondria, it is expected that enhanced mitochondrial function would improve 

liver regeneration. In fact, this is well illustrated by two experimental works that used 

N-methyl-4-isoleucine cyclosporine (NIM811), a known inhibitor of mitochondrial 

membrane permeability transition (MPT). Both in the setting of extended hepatectomy 

[20] and small-for-size liver transplant [53], NIM811 inhibited the MPT, preserved liver 

energy status and hepatocellular function and improved survival. 

Having summarized the biological link of energy availability to cell proliferation 

in liver regeneration, we will now discuss the evidence for a definite role of 

bioenergetics dysfunction in the pathophysiology of PHLF. 

 

3.  Posthepatectomy Liver Failure – Evidence for disturbed 
bioenergetics in pathophysiology 

Clinical success of hepatectomy depends on the liver’s unique ability to 

regenerate. After major hepatectomy, the remnant liver must replace lost hepatocyte 
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mass, produce an acute-phase response and still carry the burden of maintaining 

acceptable hepatocellular function for whole body homeostasis. After the surgical loss 

of liver tissue, regeneration does not rely on the proliferation of a progenitor cell 

population, but on the replication of normally quiescent hepatocytes, cells that already 

have high metabolic demands [16]. The enormous amount of energy for these processes 

is supplied by the oxidative phosphorylation of fatty acids by mitochondria under 

aerobic conditions (Figure 1.2) [39,43]. However, if the energy demand exceeds the 

supply, liver regeneration can be severely hampered resulting in PHLF and even death. 

 

Figure 1.2 - Metabolic demands on mitochondria after hepatectomy 

After hepatectomy mitochondria, through two oxygen-dependent enzymatic chains, the tricarboxylic acid cycle and 

the electron transport chain, supply hepatocytes with increasing amounts of ATP needed to fuel biosynthesis of cell 

components and progression through cell cycle. In the meantime, hepatocellular function is dependent upon a 

constant ATP supply. In ideal conditions, hepatocyte function will not be severely hampered and should return to 

normal as soon as possible. In the clinical setting good posthepatectomy outcome is confirmed by a return to normal 

values of arterial lactate (reflecting gluconeogenesis), prothrombin time (reflecting adequate protein synthesis) and 

serum bilirubin (reflecting conjugation and excretion of bilirubin, as well as other endo- and xenobiotics). All these 

liver functions are endergonic, i.e. energy-dependent. Interestingly, mitochondrial biogenesis is, in itself, a needed 

step for adequate hepatocyte replication. 

 

Disturbed bioenergetics is an important factor in several chronic liver diseases 

[54–56] and mitochondrial damage is involved in the pathophysiology of 

acetaminophen-induced acute liver failure [57] and possibly in other etiologies [58]. 
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Mitochondrial dysfunction is characterized by decreased cellular ATP stores, 

compromised cellular processes and viability. Also, uncoupling of oxidative 

phosphorylation leads to increased production of reactive oxygen species (ROS), which 

can severely damage both mitochondrial DNA and inner membrane lipids, leading to 

decrease mitochondrial biogenesis and further uncoupling, respectively. Furthermore, 

mitochondrial membrane permeabilization releases cytochrome c in the cytoplasm and 

activates the caspase-mediated pathway of apoptosis, further compromising liver 

function (Figure 1.3). Finally, the delicate equilibrium of the cellular mitochondrial pool 

is maintained by the balance of formation of new and degradation of damaged 

mitochondria, by biogenesis and mitophagy, respectively, and if disturbed can further 

compromise the energetic status of the cell. 

 

Figure 1.3 - A look into the mechanisms of mitochondrial dysfunction in Posthepatectomy Liver 
Failure 

Uncoupling of oxidative phosphorylation causes increased production of reactive oxygen species (ROS) and 

decreased ATP production. ROS cause direct damage to mitochondrial DNA, further compromising mitochondrial 

biogenesis, while peroxidation of mitochondrial membrane phospholipids decreases energy efficiency. Ultimately, 

decreased ATP supply will hamper hepatocyte function and, if severe, lead to necrotic cell death through the loss of 

osmotic gradient because of failure of ATP-dependent ionic pumps. Finally, mitochondrial membrane 

permeabilization releases cytochrome c in the cytoplasm and activates the caspase-mediated pathway of apoptosis. 

The net result is a decrease in functioning hepatocyte mass and a derangement in hepatocellular function, clinically 

recognized as Posthepatectomy Liver Failure. 
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Clinical evidence for a role of bioenergetics derangement in posthepatectomy 

liver dysfunction is mostly indirect. The Arterial Ketone Body Ratio (AKBR), 

acetoacetate to 3-hydroxybutyrate ratio, is a marker of mitochondrial redox state. When 

there is impairment of the mitochondrial respiratory chain, NADH cannot be recycled to 

its reduced form (NAD+). In these conditions, higher quantities of 3-hydroxybutyrate 

are formed, decreasing the AKBR. Ukikusa et al studied the AKBR in a rabbit model of 

70% hepatectomy and concluded that the early drop in AKBR was associated with a 

decrease in energy charge of the remnant liver [59]. These findings were corroborated in 

the clinical setting, with several studies demonstrating that an AKBR under 0.4 after 

hepatectomy was associated with decreased survival [60,61].  

As the energy requirements for liver regeneration and function depend upon an 

efficient oxidative phosphorylation, the hepatic venous oxygen saturation could reflect 

the oxygen supply and demand of the liver parenchyma, and thus its energy charge [51]. 

The clinical evidence for this has been put forward by Kainuma et al [62]. The authors 

demonstrated that sustained decreases in intraoperative hepatic venous haemoglobin 

oxygen saturation were significantly correlated with peak postoperative 

aminotransferases, risk of PHLF and death. 

Correlation of mitochondrial derangement with clinical outcome has been 

studied by Ozawa et al in a cohort of patients undergoing miscellaneous surgical 

procedures. Using liver biopsies taken during surgery, the authors found that patients 

with more pronounced changes in mitochondrial cytochrome activity were more likely 

to present with previous liver dysfunction, and also more prone to postoperative 

morbidity and mortality [63]. Later, the same author, with others, correlated the AKBR 

and postoperative complications after hepatectomy, with redox activity in liver samples 

[64]. However, more recently, another study failed to demonstrate a correlation between 

hepatic pedicle clamping, peak aminotransferases and mitochondrial respiration in liver 

resection [65].  

We have recently demonstrated a direct relationship between mitochondrial 

bioenergetics and the postoperative outcome of liver resection [19]. By measuring 

mitochondrial membrane potential and oxygen consumption in two liver biopsies 

performed during liver resection (one at the beginning of the resection and the other just 
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at the end) in a cohort of 30 patients, we have demonstrated that depressed oxidative 

phosphorylation correlated with worse postoperative international normalized ratio 

(INR) and bilirubin, reflecting decreased liver synthetic and excretory function, 

respectively. Furthermore, depressed mitochondrial function was associated with 

increased risk of PHLF and was an independent risk factor for liver-specific morbidity. 

These data are further detailed in Chapter II – “Mitochondrial Bioenergetics, Hepatic 

Pedicle Clamping and Posthepatectomy Liver Dysfunction”. 

Bioenergetics dysfunction after hepatectomy is probably multifactorial. First, 

transient deterioration of mitochondrial function has been proved to occur after 

hepatectomy in an animal model [66]. On the other hand, hepatectomy is often 

performed with Hepatic Pedicle Clamping (HPC) or Pringle manoeuvre [67,68], which 

is known to decrease mitochondrial function experimentally [69,70] (Figure 1.4).  

Clinical evidence for this has been indirect, with one electron microscopy study of 

intraoperative biopsies demonstrating that hepatectomy with HPC can cause 

mitochondrial swelling [71]. We sought to investigate on this matter and have found a 

significant correlation between longer HPC time and worse mitochondrial 

depolarization and lag phase [19]. Again the reader is referred to Chapter II for 

presentation of original clinical and experimental data on this subject. 

Moreover, other mechanisms could be at play, including the hemodynamic 

changes after major hepatectomy. Since portal blood flow is dependent upon the 

splanchnic bed, after extended hepatectomy the reduced liver mass is exposed to an 

increased portal vein pressure (PVP). This causes increase in shear stress and induces 

nitric oxide production, which is recognized as an important stimulus to liver 

regeneration [72]. Paradoxically, excessive portal pressure can also be deleterious and 

contribute to PHLF, both in non-cirrhotic and cirrhotic patients, especially when PVP 

exceeds 20 mmHg [73,74]. The clinical presentation of disturbed synthetic function, 

ascites and increased risk of sepsis recapitulates the “small-for-size” syndrome (SFSS) 

of the transplant setting, occurring with the transplantation of a reduced size liver graft. 

The pathologic changes found in SFSS are portal vein endothelial denudation, 

centrilobular microvesicular steatosis and cholestasis, hepatocyte ballooning and 

ischemia [75]. More recently, the emphasis has been placed not on the volume of the 
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liver remnant, but on the exaggerated portal hyperflow, leading to a proposed renaming 

of the syndrome as “small for size and flow syndrome” [76].  

However, shear stress is not the only mechanism thought to be involved. There 

is a physiologic mechanisms regulating total liver flow, the Hepatic Arterial Buffer 

Response (HABR), consisting of a reciprocal regulation of the hepatic artery flow by 

the portal venous inflow. When portal blood flow decreases, arterial dilation of the 

intrahepatic arterial bed compensates, maintaining constant hepatic blood flow. 

Conversely, portal hyperperfusion leads to a reduction in hepatic arterial blood flow 

[75,77,78]. The HABR is probably mediated by the washout of adenosine in the space 

of Mall by the increased portal flow, causing arterial vasoconstriction [79]. Other 

putative mediators of the HABR are nitric oxide, carbon monoxide and hydrogen 

sulphide [80]. Increase in blood norepinephrine concentrations has also been proposed 

as an underlying mechanism of hepatic artery vasoconstriction [81] but adrenergic 

blockade does not seem to reverse this phenomenon [82].  

Since portal blood is poor in oxygen, increase in portal blood flow and decrease 

in arterial blood flow would lead to a state of parenchymal hypoxia, decreasing hepatic 

oxygen extraction and causing mitochondrial dysfunction and bioenergetics failure of 

the liver remnant. As such, we theorize that the deleterious effect of excessive portal 

pressure after hepatectomy is, at least in part, mediated by a decrease in hepatic oxygen 

extraction, which in turn leads to deficient ATP synthesis and bioenergetic failure 

(Figure 1.4).  Although a small animal model demonstrated that extended hepatectomy 

was associated with decreased hepatic oxygenation and reduced mitochondrial oxidative 

phosphorylation, no decrease in hepatic artery flow was observed [83]. Nonetheless, 

this has not been the case in one larger animal model, where increase in portal vein flow 

and corresponding decrease in arterial blood flow were proportional to the extent of 

parenchymal resection [84].  

Although appealing in theory, the decreased hepatic artery flow and subsequent 

oxygen and energy deprivation of the liver remnant occurring in the small-for-size 

setting is probably not the only factor involved in the pathophysiology of PHLF. Apart 

from the deleterious effect of excessive shear stress, other mechanisms could be at play, 

such as disorganized replication of hepatocytes and sinusoidal endothelial cells [85]. 
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The haphazard regenerative process is not accompanied by an efficient vascular 

network, potentially leading, early in the process, to an impaired oxygen supply to the 

rapidly dividing and metabolically active liver cells. 

Bioenergetics dysfunction could potentially be even more relevant in patients 

with pre-existing mitochondrial impairment, such as chronic liver disease. In the 

following section we will briefly review the experimental and clinical evidence for 

impaired bioenergetics in the pathophysiology of PHLF in the setting of abnormal liver 

parenchyma. 

 

Figure 1.4 - Pathophysiology of bioenergetics dysfunction in clinical liver surgery 

Energetic efficiency can be compromised after hepatectomy and several different mechanisms are at play. After 

extended hepatectomy, a state of portal hyperperfusion of the liver remnant ensues. This is known as the “small-for-

size” or “small-for-flow” syndrome. Portal hyperperfusion causes a reduction in hepatic arterial blood flow and 

oxygenation of the liver parenchyma, in a process mediated by the Hepatic Artery Buffer Response (HABR). Hepatic 

pedicle clamping, if used and prolonged in time, also contributes to parenchymal hypoxia and causes ischemia-

reperfusion injury (IRI), which is known to cause mitochondrial dysfunction. Also, there is evidence for disturbed 

bioenergetics in several liver diseases, namely cirrhosis, biliary obstruction and steatohepatitis, making hepatectomy 

more risky in these settings. Finally, defective mitochondrial biogenesis and autophagy can decrease quality of liver 

mitochondria, decreasing energy yield and increasing production of reactive oxygen species (see text for details). 
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4.  Hepatectomy in Chronic Liver Injury: Mitochondrial 
dysfunction as a key factor in the Pathophysiology of Posthepatectomy 
Liver Failure 

Mitochondrial dysfunction has been recently linked to the pathogenesis of many 

acute and chronic liver diseases [54–56,86,87]. And while liver resection is ideally 

performed in patients with intact liver function, some candidates for hepatectomy 

present with chronic liver injury, which significantly increases the risk of postoperative 

liver dysfunction. The obesity epidemic has led to an increased prevalence of non-

alcoholic fatty liver disease (NAFLD), making liver steatosis the main chronic liver 

disease in developed countries [88]. Hepatocellular carcinoma (HCC) usually arises in 

the setting of cirrhosis, and non-alcoholic steatohepatitis (NASH) is increasingly 

recognized as an important risk factor [89]. Moreover, some patients with colorectal 

cancer liver metastases, the main indication for hepatectomy in most countries, undergo 

multiple cycles of hepatotoxic chemotherapy, increasing the risk of major morbidity 

[90]. And finally, extended resections for hilar cholangiocarcinoma, are usually 

performed in the presence of biliary obstruction [5].  

In the aforementioned conditions there is some degree of hepatic mitochondrial 

dysfunction, possibly aggravated in the postresection period. Thus it is no surprise that 

hepatectomy is fraught with an increased incidence of postoperative liver failure, 

mandating a correct preoperative stratification of surgical risk. In this section we will 

elaborate on the evidence for disturbed mitochondrial bioenergetics in the 

pathophysiology of PHLF in the setting of diseased liver parenchyma, hopefully aiding 

in the reduction of morbidity and mortality of liver resection in patients with chronic 

liver disease. 

 

4.1 Steatosis and steatohepatitis 

Steatosis and steatohepatitis are increasingly recognized as a significant public 

health problems, associated with the obesity and diabetes epidemics [88]. There are two 

distinct forms of non-alcoholic fatty liver disease (NAFLD): a more benign form, 

simple steatosis; and a more progressive, severe form - non-alcoholic steatohepatitis 

(NASH) often leading to cirrhosis, liver failure and hepatocellular carcinoma. In fact, in 
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developed countries NASH has supplanted other liver diseases as the main risk factor 

for HCC [89]. 

Mitochondrial dysfunction is a hallmark of NAFLD and this link has been 

extensively reviewed elsewhere [31,91–93]. The progression of simple fatty liver to 

florid steatohepatitis, fibrosis and cirrhosis is often viewed as two-hit process. In the 

first stage, caloric overload and insulin resistance cause intracellular accumulation of 

triglycerides in hepatocytes. And in the second stage mitochondrial dysfunction ensues, 

causing bioenergetics impairment, increased oxidative stress, inflammation and cellular 

death. 

Mitochondrial dysfunction in NAFLD is multifactorial and includes impairment 

of oxidative phosphorylation and reduced ATP synthesis, loss of Adenine Nucleotide 

Translocator (ANT) in the mitochondrial outer membrane, increase in Uncoupling 

protein 2 (UCP-2), depletion of mitochondrial DNA and decreased expression of 

important transcription coactivators, like peroxisome proliferator-activated receptor-γ 

coactivator-1α (PGC-1α) [31]. More recently, epigenetic changes such as higher levels 

of methylation of mitochondrial DNA in NASH patients have been found to correlate 

with NAFLD activity score [94]. The progression of NAFLD to NASH is also 

associated with an increase in oxidative and nitrosative stress and reduction of 

antioxidant defences, like reduced mitochondrial glutathione (GSH) [31,95].  

Other key pathophysiologic processes involved in the progression of fatty liver to 

NASH are inflammation and cell death. Oxidative damage to the hepatocyte gives rise 

to a pro-inflammatory state, further enhanced by systemic inflammation witnessed in 

metabolic syndrome [96]. This leads to neutrophil chemotaxis and amplification of the 

inflammation cascade. Tumor necrosis factor-α (TNF-α) is produced by Kupffer cells 

and can stimulate constitutively expressed receptors in the hepatocyte membrane, like 

Tumor necrosis factor-related apoptosis-inducing ligand receptor 1 and 2 (TRAIL-R1 

and TRAIL-R2) [33]. Activation of these receptors leads to activation of caspase-8 and 

initiation of cell death. Here too, mitochondrial intervention is of paramount importance 

as hepatocytes require mitochondrial amplification of apoptotic response [97]. 

Studies of mitochondrial function in intraoperative liver biopsies have validated 

the importance of mitochondrial dysfunction in steatosis, such as lower respiratory 
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control ratio and lower expression of NRF-1 and mitochondrial transcription factor A 

(TFAM) [98], and lower baseline mitochondrial membrane potential and respiratory 

control ratio [19]. And interestingly, experimental studies have demonstrated that 

reversal of the metabolic derangements of NAFLD either by bariatric surgery [99] or by 

pharmacological therapy [100,101], can lead to an improvement in hepatic 

mitochondrial function. 

Steatosis per se has been associated with impaired liver regeneration in 

experimental models. In an animal model of choline/methionine deficient diet, 

Veteläinen et al describe impaired liver regeneration after 70% hepatectomy, both in 

mild and in severe steatosis [102,103]. However, these results were not replicated in 

western-diet models of steatosis [104,105]. Nonetheless, since liver resection is often 

performed with inflow occlusion, fatty livers are more susceptible to IRI due to 

microcirculatory disturbances, Kupffer cell dysfunction, increased leukocyte 

adhesiveness, ATP depletion and mitochondrial failure [106–108]. In fact, Cauchy et al 

report that inflow clamping was an independent factor for major morbidity in patients 

with metabolic syndrome [109]. 

Nevertheless, the clinical evidence for an increased risk of PHLF and 

complications in steatotic livers is conflicting. There is even a suggestion for 

improvement in long-term results, with one retrospective study demonstrating increased 

survival in patients with steatosis after resection of colorectal cancer liver metastases 

[110]. 

Multiple studies have been published on the role of simple steatosis on outcomes 

of liver surgery, both in the setting of resection and in living-donor liver transplantation 

[106]. In a meta-analysis of studies of liver resection for neoplasm and living-donor 

procurement, Meijer et al concluded that patients with mild steatosis (< 30%) had 

increased morbidity, while moderate and severe steatosis (> 30%) were associated with 

increased morbidity and mortality [111]. However, most complications in patients with 

mild steatosis are infective complications [112] and some studies do not demonstrate an 

increase either in major morbidity or mortality [113–115]. 

Although controversial data emerges on the effect of milder degrees of steatosis 

on postoperative complications, most studies agree that severe steatosis and, in 



Chapter I 

56 

 

particular, steatohepatitis are associated with a high risk of postoperative morbidity 

[116]. In a cohort of patients undergoing extended hepatectomy, Neal et al described 

that NASH was an independent risk factor for major morbidity and PHLF [117]. 

However, simple steatosis was not associated with worse outcome, on univariate and 

multivariate analysis. Interestingly, the only factor associated with increased risk of 

mortality on multivariate analysis in this study was diabetes mellitus. Insulin-treated 

diabetes was also found to significantly increase overall morbidity in another cohort of 

patients [118]. A case-control study by Reddy et al [114] demonstrated that 

steatohepatitis, but not simple steatosis, was associated with increased risk of overall 

and hepatic-related morbidity. Interestingly, an original clinical study from our group 

found that steatosis and steatohepatitis were associated with decreased morbidity [115] 

(see also Chapter III – “Chemotherapy Associated Liver Injury and Posthepatectomy 

Morbidity: Possible contribution of Mitochondrial Dysfunction to the Pathogenesis of 

Sinusoidal Obstruction Syndrome”). A non-exhaustive review of relevant clinical 

studies is detailed in Table 1.1. 

Although the consequences of steatosis on clinical outcome after hepatectomy are 

diverse, the role of mitochondrial dysfunction in fatty liver disease is unequivocal. This, 

together with the increased susceptibility of fatty livers to IRI, could explain the 

increased morbidity and mortality of liver resection in patients with the most severe 

forms of NAFLD. Given the escalating epidemics of obesity, diabetes mellitus and 

metabolic syndrome, together with the expanding indications for liver resection, the 

spotlight is on understanding the mechanisms of bioenergetics dysfunction in steatosis, 

thus enhancing the safety of liver resection.  
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4.2  Cirrhosis 

Cirrhosis is the end-stage of infectious, immune, toxic or metabolic insults to the 

liver. It is characterized by decreased hepatocellular function and portal hypertension 

[121]. Hepatocellular carcinoma is a frequent complication and resection is one of the 

few curative treatments [4]. However, liver resection in cirrhosis is only possible in 

patients with preserved liver function and even then at the cost of a high risk of PHLF 

[122]. Moreover, cirrhotic livers are less tolerant to hepatic pedicle clamping, making 

liver resection in these circumstances more demanding [123]. 

The decreased regenerative response of cirrhotic livers has been previously 

noticed [124]. Among the contributing mechanisms, bioenergetics failure definitely 

plays a key role. Although other factors, including the microvascular distortion of the 

liver parenchyma act synergistically to decrease oxygen supply to liver cells [125], there 

is significant clinical and experimental evidence of deranged mitochondrial function in 

cirrhosis. Yang et al used a rodent model of chemically-induced cirrhosis to study the 

mitochondrial respiratory function and antioxidant capacity after hepatectomy [126]. 

After inducing cirrhosis with intra-peritoneal thioacetamide in Wistar rats, the authors 

performed 70% partial hepatectomy. After hepatectomy cirrhotic animals displayed 

decreased state 3 respiration, decreased activities of NADH-cytochrome c reductase and 

mitochondrial glutathione peroxidase, as well as decreased levels of mitochondrial 

glutathione, when compared with non-cirrhotic controls. Nishikawa et al [55], using a 

rat model of carbon tetrachloride and phenobarbital-induced cirrhosis, examined energy 

metabolism in isolated hepatocytes and concluded that in compensated cirrhosis 

maximal mitochondrial respiration is compromised and that ATP production was 

maintained by an increase in the glycolytic pathway. As cirrhosis progresses to 

decompensated form, failure of glycolytic pathway also occurs, leading to energetic 

failure. The authors confirmed these findings in gene-expression profile of human liver 

biopsy samples, as patients with compensated cirrhosis (Child A and B) had decreased 

expression of cytochrome oxidase 1 and 2 genes, with increased expression of genes for 

glycolytic enzymes. These enzymes were under-expressed in Child C cirrhosis, 

underlying the energetic failure that occurs in this premorbid state of decompensated 

liver disease. An interesting conclusion of this study is that mitochondrial function is 

hampered in early stages of cirrhosis, with glycolysis taking over most of the energy 
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production. As the glycolytic pathway is much less energy-efficient than oxidative 

phosphorylation, this could explain the decreased adaptation of compensated cirrhotic 

livers to resection and other acute stressors, such as infection [127]; as failure to 

increase ATP production would result in acute decompensation of liver function. 

Deficient energetic recovery of the cirrhotic liver after hepatectomy has been 

demonstrated by Mann et al. [128]. Using 
31

Phosphorus Magnetic Resonance 

Spectroscopy, the authors studied nine cirrhotic patients undergoing hepatectomy and 

compared with nine other patients with normal liver parenchyma. Cirrhotic patients 

experienced a sustained decrease in ATP to phosphate ratio and delayed regeneration 

versus patients with normal liver parenchyma. 

Given the evidence for disordered energetics in cirrhosis, interventions aimed at 

improving energy status could be clinically relevant in prevention of hepatocellular 

dysfunction after liver resection. This will be further explored in this Chapter in Section 

6. Improving liver regeneration – Hepatocyte energetics as a potential target for 

prevention of Postoperative Liver Failure. 

 

4.3  Chemotherapy-induced liver injury 

While hepatectomy is the gold standard of care for patients with colorectal 

cancer liver metastases, preoperative chemotherapy is increasingly used, not only in a 

conversion strategy but also in a true neoadjuvant intention [129,130]. The most 

commonly used drugs are 5-fluorouracil (5-FU), irinotecan and oxaliplatin. The 

cytotoxic agent 5-FU is a thymidylate synthase inhibitor and has been used for over 40 

years in systemic therapy for advanced colorectal cancer. Irinotecan, or CPT-11, is a 

prodrug. It suffers transformation by carboxylesterase into SN-38, a potent inhibitor of 

topoisomerase-I. Oxaliplatin, a platinum derivative, forms DNA adducts and is directly 

cytotoxic [131]. Molecular targeted therapies, such as monoclonal antibodies, 

bevacizumab and cetuximab, have increased response and resectability rates [90]. 

Finally, in selected cases intra-arterial chemotherapy has demonstrated promising 

results in conversion to resectability [132]. 
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However, chemotherapy is associated with hepatocellular injury and increased 

morbidity and even mortality after hepatectomy [116,133]. Although chemotherapy per 

se produces a decline in hepatocellular function (as measured by indocyanine green 

retention rate), independently of histologically-perceptible injury [134],  chemotherapy-

associated liver injury (CALI) usually occurs in distinct histologic patterns: steatosis 

and steatohepatitis (CASH); and sinusoidal obstruction syndrome (SOS).  

Steatosis and steatohepatitis are usually associated with irinotecan-based 

chemotherapy and one study demonstrated an increase in morbidity and even mortality 

after liver resection [116]. Although the precise mechanism of hepatoxicity of irinotecan 

is unknown, it is thought to involve mitochondrial dysfunction [135]. Vauthey et al 

[116] reported a higher incidence of SH in patients treated with irinotecan-based 

chemotherapy, in particular with Body Mass Index over 25 kg/m
2
. Patients with SH 

were more likely to suffer from posthepatectomy liver failure and had higher 

postoperative mortality. As the typical histologic injury of irinotecan-associated liver 

injury is steatohepatitis, we refer to the previous section (4.1 – Steatosis and 

steatohepatitis). 

Sinusoidal obstruction syndrome (SOS) is another typical histologic pattern, and 

is usually associated with oxaliplatin chemotherapy [136]. It is characterized by severe 

sinusoidal dilation, sinusoidal endothelial cell necrosis and sloughing, causing 

extravasation of blood into the space of Disse and decreased sinusoidal flow [137]. One 

previous study from our group confirmed that SOS is an independent risk factor for 

postoperative morbidity [115] and usually courses with increased portal pressure, 

increased intraoperative bleeding, decreased tolerance to hepatic pedicle clamping and 

lower regenerative capacity [138–141]. Narita et al described increased morbidity in 

patients with histological evidence of chemotherapy injury during hepatectomy with 

prolonged hepatic pedicle clamping [139]. In 53 patients with chemotherapy-associated 

liver injury (mostly with oxilaplatin-related sinusoidal obstruction syndrome) 

undergoing major hepatectomy, the authors found a statistically significant increase in 

severe complications, namely sepsis and biloma, when hepatic pedicle clamping 

exceeded 30 minutes. No significant association was found, however, with increased 

incidence of postoperative liver failure, possibly due to the small study sample.  
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In yet another study, in a cohort of patients undergoing two-stage hepatectomy 

for colorectal cancer liver metastases, Narita et al again reported that sinusoidal 

obstruction syndrome was significantly associated with oxaliplatin-based 

chemotherapy, hampered volumetric increase of the remnant liver after first-stage 

hepatectomy, markedly depressed indocyanine green (ICG) clearance and caused a 

trend towards increased incidence of postoperative liver dysfunction [142]. Also, a 

blunted hypertrophic response was observed after portal vein embolization in patients 

with previous exposure to platinum-based chemotherapy [143]. 

Apart from DNA-directed effects, there is evidence to support that oxaliplatin is 

directly toxic to mitochondria, inhibiting oxidative phosphorylation in isolated liver 

mitochondria [144,145] and inducing mitochondrial-dependent apoptosis in cell cultures 

[146].  

However, the lack of a valid animal model of oxaliplatin-induced toxicity has 

been a major drawback. Up until recently the only existing model of posthepatectomy 

liver dysfunction in toxic-induced SOS was the monocrotaline model [147]. The work 

of Robinson et al has shed new light into the pathophysiology of SOS. The authors 

validated an animal model of oxaliplatin-induced SOS in C57Bl/6 mice and found 

increase in oxidative stress in the injured parenchyma [148]. 

Although there is still no definitive link between mitochondrial toxicity and the 

development of SOS, we postulate that mitochondrial homeostasis could be severely 

hampered in chemotherapy-associated liver injury, thus leading to an increased 

susceptibility to postoperative liver dysfunction. Further investigation into this field is 

of paramount importance and has thus been the subject of investigation in this Thesis. In 

Chapter III original results from clinical and experimental works are presented. 

 

4.4  Chronic biliary obstruction  

Extended hepatectomy with en bloc bile duct resection is potentially curative for 

hilar cholangiocarcinoma [5,149]. However, liver resection under biliary obstruction is 

fraught with an extremely high incidence of postoperative liver dysfunction, with 

significant mortality. In the experience of a high-volume centre, Yokoyama et al report 
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as much as 38% incidence of moderate and severe PHLF in patients undergoing major 

or extended hepatectomy for biliary cancer, with severe PHLF associated with a 48% 

mortality rate [150]. Thus, preoperative biliary decompression is recommended to 

decrease the risk of PHLF and improve results in patients with high malignant biliary 

obstruction [151] and most centres nowadays include it in the preoperative algorithm 

for hilar cholangiocarcinoma, especially when there is a smaller future liver remnant 

(FLR) [5,149,152–154]. However, there is uncertainty as to what is the defined upper 

threshold of serum bilirubin mandating preoperative decompression; with cut-off values 

ranging from 2 to 10 mg/dL in most series [5,149]. Chronic cholestasis induces liver 

dysfunction through several mechanisms, including mitochondrial toxicity [155]. 

Conversely, biliary decompression results in an improvement in energy status of the 

liver. This is supported by clinical and experimental evidence which we will now 

summarily review. 

Bile acids are directly toxic to mitochondria, causing a significant reduction of 

membrane potential, state 3 respiration and Respiratory Control Ratio, as well as 

increased susceptibility to Mitochondrial Permeability Transition (MPT) [156,157]. 

Mitochondrial biogenesis is also reduced by chronic biliary obstruction, as 

demonstrated by Arduini et al. In a rat model of bile duct ligation (BDL) there was a 

decrease in RCR and membrane potential, decreased expression of TFAM and depletion 

of mitochondrial DNA [158]. Surprisingly, in another animal model of segmental 

biliary obstruction, mitochondrial dysfunction was demonstrated not only in the 

obstructed lobe but also in the non-obstructed one [159]. 

Partial reversal of physiologic derangements by biliary decompression was 

demonstrated in an experimental model. Krähenbühl et al explored mitochondrial 

homeostasis in a rat model of BDL followed by Roux-en-Y anastomosis four weeks 

later [160]. The authors demonstrated that oxidative phosphorylation and β-oxidation of 

fatty acids were inhibited during cholestasis. After relief of obstruction there was an 

improvement in activities of complexes I and III of the mitochondrial electron transport 

chain, whereas the activities of complexes II and IV remained impaired. Furthermore, β-

oxidation of fatty acids also remained depressed. Finally, in an extremely interesting 

clinical study, Mann et al used 
31

Phosphorus magnetic resonance spectroscopy to study 

liver energy status in 10 patients with malignant biliary obstruction [161]. After 
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endoscopic or percutaneous biliary drainage, the ATP/Pi ratio, a measure of energy 

status, significantly increased in one week time, reflecting the beneficial effect on the 

entire liver parenchyma.  

In conclusion, part of the biologic rationale for preoperative biliary 

decompression in the management of jaundiced patients undergoing major hepatectomy 

and bile duct resection can be related to improvement in mitochondrial function. If 

proved, further therapies aimed at mitochondrial bioenergetics could lead to an 

enhanced energetic status of the remnant liver, thereby decreasing the inherently high 

risk of postoperative liver dysfunction. Ultimately, this could result in a significant 

improvement in the management of perihilar cholangiocarcinoma.  

 

5.  Novel markers of mitochondrial dysfunction – Earlier diagnosis 
of Posthepatectomy Liver Failure 

With the aim of standardizing the diagnosis and reporting of PHLF, a consensus 

definition was established in 2010 [162]. It defined PHLF as a postoperatively acquired 

deterioration in liver function, consisting of any increase of bilirubin and International 

Normalized Ratio (INR) on or beyond the fifth postoperative day. Serum bilirubin and 

INR reflect two major hepatocyte functions: excretory function (bilirubin uptake, 

conjugation and excretion); and synthetic function (namely of plasma clotting factors II, 

VII, IX and X) [163,164]. Usually, after uneventful hepatectomy these two parameters 

are within normal range by the fifth postoperative day, reflecting appropriate liver 

regeneration [11] (Figure 1.2). This consensus definition also defined clinical severity in 

three grades, according to the intensity of medical support required and the coexistence 

of other organ dysfunctions. 

Another clinically used definition of PHLF using biochemical criteria is the “50-

50 criteria” defined by Balzan et al. In 803 consecutive patients that underwent liver 

resection, the finding of bilirubin over 50 µmol/L and prothrombin time under 50% on 

postoperative day 5 was associated, after multivariate analysis, with increased 

postoperative mortality [165]. Different thresholds have been suggested in specific 
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subpopulations of surgical patients, such as peri-hilar cholangiocarcinoma [150] and 

cirrhotic patients with hepatocellular carcinoma [166]. 

Although straightforward to use and solidly placed in the clinical routine, these 

definitions are only valid on or beyond the fifth postoperative day, meaning that earlier 

liver dysfunction could be underdiagnosed. Furthermore, their use can be compromised 

in patients with previous biliary obstruction, who usually have high preoperative plasma 

bilirubin levels, while plasma transfusion can significantly change postoperative INR 

levels. Thus, the possibility of predicting liver dysfunction at an earlier time point is 

attractive, since it would allow more intensive treatment. 

Since mitochondrial derangement likely occurs before the development of full-

blown liver dysfunction [19], the resulting bioenergetics failure of the remnant liver can 

hamper liver regeneration [43]. Thus, the discovery of non-invasive serum markers of 

bioenergetics dysfunction is an attractive way for earlier detection of Posthepatectomy 

Liver Failure. These biomarkers can either be indirect metabolic markers of disturbed 

energetic status or can more directly reflect mitochondrial dysfunction. 

Arterial lactate, an established prognostic marker in paracetamol-induced acute 

liver failure [167] and critical illness [168], can reflect the energy status of the 

hepatocyte. Lactate, produced by peripheral anaerobic glycolysis, is metabolized in the 

liver through the Cori cycle, whereby it is recycled to pyruvate and glucose in energy-

consuming reactions partly occurring in the mitochondria [29]. In an animal model of 

PHLF, consisting of extended resection and remnant liver ischemia, Detry et al found 

significantly increased levels of lactate in the experimental group [169]. Watanabe et al 

proved that elevated arterial lactate on admission to the Intensive Care Unit after 

hepatectomy was independently associated with higher postoperative morbidity and 

mortality [170]; and more recently the value of early postoperative arterial lactate as an 

indicator of poor prognosis has been validated in a large prospective cohort [171]. 

Elevated arterial lactate not only reflects higher peripheral production (because of 

systemic hypoperfusion) but mostly the liver’s inability to adequately perform 

gluconeogenesis because of insufficient parenchyma or altered energy state. In fact, in a 

cohort of 14 patients, Theodorakis et al have demonstrated that, in conditions of 

ischemia-reperfusion, the liver becomes a net producer of lactate [172].  
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Serum phosphorus has also been scrutinized as a prognostic marker after 

hepatectomy. As liver regeneration usually requires an enormous supply of inorganic 

phosphate (for ATP synthesis, among other functions), a nadir in serum phosphate is not 

only frequent but also desirable after liver resection [173]. In fact, in a cohort of 719 

patients undergoing major hepatectomy, Squires et al [174] have demonstrated that 

patients with profound hypophosphatemia (< 1.1 mg/dL) on postoperative day 2 

experienced reduced incidence of PHLF and also major morbidity and 30-day mortality, 

when compared to patients with normal phosphatemia. However in this study, the 

majority of patients had parenteral phosphate supplementation. Furthermore, post 

resection drop in serum phosphate is also probably related to increased urinary loss 

[175], potentially compounding the use of phosphate as a reliable marker of acquired 

liver dysfunction. 

The Arterial Ketone Body Ratio (AKBR), acetoacetate to β-hydroxybutyrate 

ratio, is a marker of mitochondrial redox state. In conditions of impairment of the 

mitochondrial electron transport chain, nicotinamide adenine dinucleotide (NADH) 

cannot be recycled to its oxidized form (NAD+), meaning that higher quantities of β-

hydroxybutyrate are formed, decreasing the AKBR. Nakamura et al demonstrated that 

decreased hepatic perfusion during cardiopulmonary bypass in heart surgery was 

associated with a lower AKBR; however without deleterious consequences [176]. In the 

setting of liver resection Yamaguchi et al initially proposed that AKBR could predict 

survival after hepatectomy [60]. In this study, an AKBR under 0.4 was associated with 

increased arterial lactate and decreased survival. However, no association was sought 

with other markers of postoperative liver function. In another study, Yan et al also 

demonstrated that patients with AKBR under 0.4 had higher morbidity and mortality 

[177]. Higashi et al have specifically investigated the value of arterial ketone bodies 

measurement when compared with hepatic vein levels. They have found an excellent 

correlation between both measurements, suggesting that arterial ketone body levels 

reflect hepatic synthesis, rather than peripheral catabolism. In their cohort of 73 

patients, the authors also found increased levels of β-hydroxybutyrate in patients with 

impaired liver function (worse ICG retention rate, higher postoperative bilirubin) and 

increased mortality [178]. Although promising, AKBR has not found its way into the 

clinical routine of most hepatobiliary centres. 
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Direct assessment of intra- and postoperative liver metabolism is possible with 

the use of microdialysis catheters, with serial measurements of intra-hepatic levels of 

lactate, pyruvate, glucose and glycerol. In the setting of liver transplantation 

microdialysis can assist in the early detection of severe ischemic injury [179,180]. At 

least two studies have reported the use of this technique in liver surgery. Isaksson et al, 

in 11 patients undergoing hepatectomy, reported increasing intra-hepatic levels of 

lactate, glucose and glycerol and increased lactate / pyruvate ratio during hepatic 

pedicle clamping [181]. And Windbladh et al explored the metabolic protection 

afforded by ischemic preconditioning in a randomized control trial involving 32 

patients, demonstrating lower peri- and postoperative levels of intra-hepatic lactate in 

patients undergoing major hepatectomy [182]. Neither study, however, was designed to 

validate microdialysis as an early predictor of PHLF. In concept microdialysis is an 

extremely interesting approach, allowing bedside real-time monitoring of the lactate / 

pyruvate ratio, which accurately reflects energy metabolism. However, microdialysis is 

an invasive procedure as it requires the placement of an indwelling catheter on the liver 

parenchyma during hepatectomy. Further studies are needed in order to validate this 

technique for the early detection of PHLF. 

Direct measurement of mitochondrial function in biopsies taken in the remnant 

liver at the end of hepatectomy could help predict PHLF. In personal work of our group 

we have previously demonstrated that mitochondrial lag phase (time to repolarize 

membrane potential after addition of ADP) was significantly longer in patients that 

went on to develop liver dysfunction, with a high specificity and sensitivity (area under 

the curve: 0.933; p=0.008) (see also Chapter II) [19]. However, this requires further 

confirmation in more studies. Furthermore, direct assessment of mitochondrial function 

in liver tissue, although feasible through a needle biopsy [183], is an invasive test and 

requires a dedicated bioenergetics laboratory for immediate sample processing. Ideally, 

mitochondrial dysfunction could be detected with non-invasive serum markers, with 

point of care tests that could find their way into routine clinical practice, from a “bench-

to-bedside” approach. 

Several circulating serum biomarkers of mitochondrial dysfunction, including 

ornithine carbamoyl transferase, alanine aminotransferase isoform 2 and cytochrome c, 

have emerged in the setting of drug-induced liver injury [184]. In particular, 
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acetaminophen-induced liver injury (AALF), one of the most common causes of acute 

liver failure in the developed world, has been the focus of attention. Mitochondrial 

toxicity is a hallmark event in its pathogenesis and not all intoxicated patients develop 

full-blown acute liver failure [57]. Thus, early and accurate identification of patients at 

risk is extremely important, as it can help in proper allocation of resources and timely 

transfer to higher levels of care, such as emergent referral for liver transplantation 

[185,186]. Several markers of mitochondrial dysfunction have been sought, namely 

mitochondrial DNA, circulating acylcarnitines and glutamate dehydrogenase (GLDH). 

The latter seems particularly promising, since Schomaker et al reported a high 

sensitivity and specificity of GLDH for diagnosis of toxic hepatocellular injury, with an 

area under the curve of 0.98 [187]. 

McGill et al reported on the use of serum mitochondrial biomarkers in a cohort 

of 69 patients with AALF [86]. They demonstrated that serum GLDH and serum levels 

of mitochondrial DNA (specifically for NADH dehydrogenase and cytochrome c 

oxidase subunit III) were higher in patients with AALF versus healthy controls. 

Furthermore, they demonstrated that these markers were significantly higher in non-

survivors than in survivors. Using a Mitochondrial Biomarker Damage Index the 

authors report increased sensitivity and specificity in prediction of outcome.  

In another work by the same group [185], circulating acylcarnitines were 

investigated in a cohort of patients with AALF. Acylcarnitines are carnitine-linked long 

chain fatty acids (e.g. palmitoyl-, linoleoyl- and oleoyl-), that are transported into the 

mitochondrial matrix for β-oxidation through facilitated diffusion by the carnitine-

acetylcarnitine translocase (CACT). When β-oxidation is impaired these fatty acids 

derivatives accumulate in the cytosol and increased plasma levels are observed after cell 

necrosis. However, although promising in the rodent model, this marker did not show 

relevance in the clinical setting for AALF. 

Albeit attractive, these mechanistic biomarkers were studied in the setting of 

acetaminophen toxicity, which is highly dependent on mitochondrial dysfunction. As 

such, extrapolation of these results for other mechanisms of liver injury, such as post-

resection and post-ischemia-reperfusion injury must await confirmation of further 

studies.  
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In this Thesis we explored GLDH as a putative early diagnostic marker of 

PHLF. Although the original studies herein included were underpowered to prove its 

diagnostic accuracy, we nonetheless demonstrated important correlations of GLDH with 

other markers of postoperative liver dysfunction, such as serum bilirubin and arterial 

lactate (see Chapter III and Chapter IV – “Bioenergetic Adaptations of the Liver in 

ALPPS: How Liver Regeneration Correlates with Mitochondrial Energy Status” for 

more details). Hopefully, GLDH and other biomarkers of disturbed bioenergetics will 

find their way into clinical practice and allow for an earlier diagnosis of PHLF. 

 

6.  Improving liver regeneration – Hepatocyte energetics as a 
potential target for prevention of Postoperative Liver Failure 

PHLF is associated with high mortality and current therapies are mostly 

supportive. The use of extracorporeal liver assist devices is an attractive option, 

including the Molecular Adsorbent Recirculating System (MARS) [188] but results 

have been largely disappointing and solid evidence is lacking in the particular 

population of patients with PHLF [189]. The treatment of PHLF has been the focus of 

extensive reviews and the reader is referred to them [8,10,190]. 

While in the previous sections we recapitulated the evidence for an important 

role of mitochondrial function in liver recovery following resection, much more 

appealing is the possibility of actually preventing PHLF by targeting mitochondrial 

homeostasis. Plausibly, energetic conditioning of liver cells could aid in the 

maintenance of adequate liver function and in the recovery of functioning liver mass 

after major hepatectomy. Several possible pathways could be explored, either isolated 

or in combination, include: improvement in mitochondrial pool by enhanced biogenesis 

and more efficient mitophagy; more efficient oxidative phosphorylation through 

increased parenchymal oxygenation; and decrease in mitochondrial permeability 

transition (Figure 1.5).  

 Because of the considerable overlapping of these pathways, we will now dwell 

on several therapeutic strategies, presenting them according to different methods: 1) 
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Pharmacological conditioning; 2) Strategies aiming at improving hepatocyte 

oxygenation; 3) Parenchymal modulation techniques; 4) Stem cell therapies.  

 

Figure 1.5 - Mitochondrial-centered perspective on posthepatectomy outcome 

Adequate recovery of liver parenchyma after resection depends upon a proper cellular energy homeostasis. 

Prevention of Posthepatectomy Liver Failure can be achieved by increasing hepatic oxygen uptake, such as 

intraoperative hemodynamic modulation, prevention of postoperative portal hyperperfusion, hyperbaric oxygen 

therapy or portal vein arterialization. Enhanced mitochondrial biogenesis is currently the focus of research in 

pharmacological preconditioning strategies and is likely involved in the mechanism of action of portal vein 

embolization and possibly two-stage hepatectomies. Improved mitochondrial autophagy and inhibition of the 

mitochondrial permeability transition are novel and yet clinically unexplored pathways that could potentially improve 

energy homeostasis in regenerating hepatocytes, enhancing ATP supply and decreasing production of ROS (see text 

for further details). 

 

6.1  Pharmacological therapy 

Mitochondrial-based therapies have been the focus of recent research. S-

adenosyl-L-methionine (SAMe) is a methyl donor and a precursor of glutathione. 

Interestingly, Bailey et al demonstrated that SAMe improved mitochondrial respiration 

and oxidative phosphorylation, while decreasing mitochondrial ROS and damage to 

mitochondrial DNA in chronic ethanol exposure [191]. In another work, Brown et al 

report protection of SAMe against hepatic toxicity in an animal model of 

acetaminophen-induced liver injury [192]. And in an animal model of 70% hepatic 
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ischemia-reperfusion, Jeon et al demonstrated that pre-treatment with SAMe reduced 

peak AST, decreased lipid peroxidation, improved AKBR and maintained ATP levels 

[193]. Clinical evidence for use of SAMe as a pharmacological conditioning agent in 

liver resection has come from two randomized controlled trials [194,195]. Both studies 

demonstrated a decrease in peak postoperative aminotransferases and bilirubin, in 

particular with HPC over 15 minutes, in patients undergoing hepatectomy for 

hepatocellular carcinoma in cirrhosis. However, no mechanistic study was performed 

and we can only theorize that the protection afforded by SAMe is, at least in part, 

directly related to improvement in mitochondrial respiration and in oxidative 

phosphorylation. Further studies into the clinical applications of SAMe in liver surgery 

are needed, in particular from a mitochondrial-centred perspective. 

Berberine, an isoquinoline alkaloid found in several plants used in traditional 

Chinese medicine, is another promising compound. Known for its antidiabetic 

properties, it has demonstrated beneficial effects on mitochondrial oxidative 

phosphorylation in fatty liver models, mostly through Sirtuin 3 mediated mechanism, 

possibly involving enhanced mitochondrial biogenesis, among other actions [100]. 

Other possible mitochondrial-centred positive effects include ethanol-induced liver 

toxicity and renal ischemia-reperfusion injury [196,197]. At least one clinical trial has 

proved its safety and efficacy in NAFLD [198], suggesting that berberine could be a 

valid alternative for energetic conditioning of liver cells before hepatectomy. Further 

studies are needed, however. 

One of the most exciting candidate molecules for energetic conditioning of liver 

cells is the Augmenter of Liver Regeneration (ALR). Having been first isolated and 

purified by Labrecque et al [199], ALR is also known as Hepatic Stimulator Substance 

or Hepatopoietin, for its strong mitogenic effect, far surpassing other known hepatic 

mitogens such as Epidermal growth factor (EGF) and Transforming growth factor alpha 

(TGF-α). ALR is secreted in liver cells and acts on Kupffer cells and in autocrine and 

paracrine fashion on hepatocytes. It is also found in the intracellular compartment, 

namely in mitochondria, where it regulates oxidative phosphorylation and is essential 

for mitochondrial biogenesis and ATP synthesis [200]. The importance of ALR in liver 

regeneration seems to be dependent upon its effect on mitochondrial biogenesis, uphill 

of other two co-factors, TFAM and PGC-1α [21]. In fact, in this Thesis we describe an 
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increased expression of ALR RNA in the remnant liver of patients during the second 

stage of two-stage hepatectomies (see Chapter IV). In one experimental study, 

transfection of isolated hepatocytes with antisense oligonucleotide against ALR brought 

about energetic failure and cell death by apoptosis and necrosis [201], while transfection 

of ALR via adenovirus in rodent models of hepatic ischemia reperfusion and toxic 

injuries demonstrated improved oxidative phosphorylation, increased ATP production, 

decreased mitochondrial permeability transition, reduced cell death and improved 

survival [202,203]. Interestingly, delivery of ALR is not limited to gene transfection as 

at least two studies demonstrated that intraperitoneal injection was also effective in 

improving mitochondrial bioenergetics and biogenesis [204,205]. This ease of 

administration, not requiring ALR integration into the host genome, could open the 

possibility of expanding ALR therapy into the clinical arena for the treatment of acute 

liver failure of several etiologies, including PHLF. 

Another potential therapeutic target is inhibition of the MPT. At least two 

experimental studies have demonstrated promising results with N-methyl-4-isoleucine 

cyclosporine (NIM811) in the setting of posthepatectomy liver failure and in small-for-

size liver transplant [20,53]. The search for small molecule inhibitors of the MPT is 

ongoing and future advances are expected in the clinical arena in the near future 

[206,207]. 

Finally, induction of autophagy is yet another possible mechanism of hepatic 

energetic conditioning and a plausible therapeutic avenue to pursue with pharmacologic 

agents [37]. By the selective removal of damaged mitochondria, enhanced mitophagy is 

thought to increase the energetic efficiency of cells and decrease oxidative stress, thus 

improving liver regeneration and survival in a rodent model of 90% hepatectomy [208].  

 

6.2  Improving hepatocyte oxygenation 

Intraoperative increase of hepatic oxygen delivery and extraction could 

potentially prevent postoperative hepatocellular dysfunction by increasing the energy 

supply to the rapidly dividing and metabolically active liver parenchymal cells [62,209]. 

Since the use of inflow occlusion to minimize bleeding during liver resection causes 
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inevitable liver ischemia, diverse clamping techniques and strategies have been 

developed to minimize the impact on the liver parenchyma. This subject has been 

extensively detailed elsewhere [68,210–212]. In this review we will shed some light on 

novel or less explored approaches to increase parenchymal oxygenation. Several 

strategies aiming at this goal have been pursued, some of them with clinically relevant 

results. 

Intraoperative hyperdynamic circulatory pharmacological manipulation with β–

adrenergic agonists is an attractive option, as it increases hepatic arterial flow, portal 

vein oxygen saturation and hepatic oxygen delivery, with subsequent increase in liver 

lactate uptake [213]. In an extremely interesting prospective randomized trial with 30 

compensated cirrhotic patients undergoing hepatectomy for HCC, Taurà et al 

demonstrated that low dose β-adrenergic agent dobutamine decreased portal vein 

resistance, increased hepatic blood flow and improved hepatic oxygen delivery, 

consumption and extraction. In the dobutamine-treated group this resulted in increased 

lactate clearance and decreased peak serum AST and peak postoperative bilirubin [214]. 

Although underpowered to prove a decrease in morbidity with the pharmacologic 

intervention, this study is fascinating as it conclusively demonstrates that enhancement 

of hepatic aerobic metabolism improves postoperative liver function. 

Modulation of portal flow is another option, since extended hepatectomies result 

in portal overflow and subsequent arterial vasoconstriction, mediated by the Hepatic 

Arterial Buffer Response [79] (see Section 3. Posthepatectomy Liver Failure - Evidence 

for disturbed bioenergetics in pathophysiology). This relative liver hypoxia during the 

post-resection acute increase in metabolic demands could theoretically contribute to 

early liver remnant bioenergetics failure. Thus, reversal of excessive portal flow has 

been explored in order to prevent postoperative liver dysfunction. Several different 

animal models have explored surgical measures to decrease splanchnic blood flow, 

namely jejunal resection, splenectomy, splenic artery ligation and portal vein banding. 

Kawano et al, performing jejunectomy and 70% hepatectomy in dogs, reported 

improved hepatocellular function and decreased necrosis and apoptosis [215]. In a 

rodent model of 90% hepatectomy, splenectomy has been demonstrated to decrease 

portal vein flow, improve regeneration and decrease postoperative liver failure [216]; 

this effect is linked to an increase in hepatic arterial blood flow and hepatic oxygenation 
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and is likely mediated by the HABR [217,218]. Decreased mitochondrial swelling has 

also been described after splenectomy as a portal flow modulation strategy after 80% 

hepatectomy [219]. Splenic artery ligation has also been tested in experimental models, 

with encouraging results [220]. Portal vein banding is another promising method and 

one preclinical study in porcine model has reported improved postoperative liver 

function, however without demonstrating increased parenchymal oxygenation or 

improved hepatocellular metabolism [221]. These studies have been followed by 

clinical attempts to modulate portal blood flow as a strategy to improve liver 

regeneration, in the setting of partial liver transplantation [222,223] and extended 

hepatectomy (E. Vibert, personal communication)[224,225]. 

Interestingly, improved arterial flow could in fact be modulated independently 

of portal flow, as Kelly et al demonstrated in a porcine model of small-for-size liver 

transplant. Using intra-arterial adenosine perfusion starting on postoperative day one 

through a catheter placed in the gastroduodenal artery, the authors describe increasing 

arterial blood flow without modulating portal flow, with adenosine treated animals 

experiencing improved survival, decreased ascites, improved liver function and reduced 

necrosis score, versus controls [226]. If further studies confirm these findings, the aim 

of therapies could shift from reducing portal flow to increasing arterial flow, and hence 

parenchymal oxygenation, in PHLF and SFSS. 

Given that the rationale for the aforementioned strategies is the increase in liver 

oxygen uptake, hyperbaric oxygen therapy (HBO) would seem a reasonable approach. 

Although there is both preclinical and clinical evidence to support its use, it has been 

largely unexplored. One experimental study has demonstrated improvement in liver 

regeneration and ATP content after 90% hepatectomy with 2 atmospheres 80% O2 

therapy [227]. Mitochondrial function was assessed in one animal model of 70% 

hepatectomy and although there was a decrease in RCR in the HBO-treated group, there 

was also an in improvement in liver regeneration rate, DNA content and proliferation 

index [228]. There is undoubtedly a beneficial effect in liver bioenergetics, as HBO can 

prevent deterioration of RCR, maintain mitochondrial membrane potential and sustain 

ATP synthesis in isolated mitochondria in experimental conditions of cold ischemia 

reperfusion injury [229]. The clinical evidence for the use of HBO in liver surgery has 

come mostly from the pediatric transplantation setting where it has shown benefits in 
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the management of hepatic artery thrombosis [230,231]. Apart from case reports 

demonstrating its anecdotal use in acute liver failure [232], including one case of PHLF 

[233], at least two prospective clinical trials have reported encouraging results on its use 

after hepatectomy. Ueno et al randomized 41 cirrhotic patients with hepatocellular 

carcinoma after hepatectomy complicated with major intraoperative blood loss to either 

HBO or standard management [234]. HBO-treated patients experienced lower 

postoperative arterial lactate and bilirubin, higher hepatic vein oxygen saturation and a 

trend towards improved hepatocellular function. However, in this study the definition of 

PHLF was not standardized so no conclusions can be drawn on this respect. Suehiro et 

al studied the effect of HBO on seven left liver living-donors and compared them to 

seven standard-treated equally-matched controls [235]. HBO-treated donors presented 

with better late postoperative liver function and increased liver remnant volume at four 

weeks. As such, HBO has proved safe and feasible, mandating the call for a randomized 

controlled trial on its use after major hepatectomy in patients at high risk of PHLF. 

Inasmuch as increasing liver oxygen uptake could improve bioenergetics and 

hence prevent liver dysfunction, another potentially useful technique would be portal 

vein arterialization (PVA). In fact, PVA in animal models is known to increase portal 

venous flow and oxygenation, liver ATP content and survival after extended 

hepatectomy [236], with corresponding increase in liver regeneration rate and cell 

proliferation [237,238]. Although an appealing therapy in concept, its clinical use has 

mostly been reported for salvage therapy of a totally de-arterialized liver [239,240] and 

cannot, at the present moment, be proposed as a first-line therapy for prevention of 

PHLF. 

 

6.3  Parenchymal modulation techniques 

One of the most widely used strategies in prevention of PHLF is portal vein 

embolization (PVE), or portal vein ligation (PVL). First described in the English 

literature in 1986 [241], PVE is an Intervention Radiology technique that shunts portal 

blood away from the tumour-bearing parenchyma into the FLR, causing atrophy of the 

former and hypertrophy of the latter [242]. One randomized controlled trial 

demonstrated that PVE decreased the rate of postoperative complications, improved 
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liver function and shortened intensive care unit and total hospital stay in patients with 

chronic liver disease undergoing major hepatectomy [243]. There is experimental 

evidence for modulation of mitochondrial function in the biologic rationale of PVE, as 

there is an early increase in oxidative phosphorylation and respiration in the non-

embolized lobe in a rabbit model [244]. Katoh et al have demonstrated an early and 

sustained increase in mitochondrial function in the non-embolized lobes in a rat model 

[245], possibly mediated by a marked increase in mitochondrial DNA and mRNA that 

occurs early after PVE [246]. More recently, the hypertrophic response to PVE was also 

associated with the Nuclear factor erythroid 2-related factor 2 (Nrf-2) transcription 

factor [247], a key inductor of mitochondrial biogenesis [34].  

Two-stage hepatectomies, including the Associating Liver Partition and Portal 

Ligation for Staged Hepatectomy (ALPPS) procedure [248,249], have emerged in the 

armamentarium of liver surgeons. They use the same physiologic principle of PVE and 

PVL, namely diversion of portal flow to the remnant liver. In the case of the ALPPS 

procedure, parenchymal transection is also performed and is associated with a markedly 

increased liver hypertrophy [250].  This greatly enhanced volume increase is dependent 

upon an enhanced proliferative index, increase in hepatocyte cytoplasm and nuclear size 

[251]. Although the parenchymal response is similar to that observed with PVE, the 

hepatocyte morphology is more immature, with less organelles [252]. This inordinately 

rapid regenerative response probably requires important metabolic adaptations in order 

to sustain the increased energy requirements of rapidly dividing hepatocytes. However, 

the mechanisms underlying these adaptations in cellular bioenergetics are largely 

unknown and have also been the subject of interrogation in this Thesis. In Chapter IV 

we present evidence for several inter-stages metabolic changes, including enhanced 

bioenergetics and increased mitochondrial biogenesis in ALPPS, never previously 

reported in the scientific literature. 

 

6.4  Stem cell therapy  

Cell therapy has emerged as an important approach for end-stage liver disease, 

with both clinical and experimental studies reporting on the beneficial impact of 
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mesenchymal, embryonic and induced pluripotent stem cells on liver regeneration after 

toxic and surgical insults [253]. 

In part, the effect of stem-cell therapy could be mediated by an improvement in 

mitochondrial function, as there is an increase in mitochondrial number [254], decrease 

in mitochondrial-mediated apoptosis [255] and improved mitochondrial respiration 

[256]. In a very interesting study, Andrade et al have demonstrated that bone marrow 

mononuclear cells transplanted through the jugular vein 14 day after BDL in Wistar rats 

resulted in improved mitochondrial respiration (state 3 and RCR), decreased lipid 

peroxidation and decreased fibrogenesis [257]. Tautenhahn et al [258] studied the effect 

of mesenchymal stem cells on an animal model of PHLF. They found that the 

improvement in liver function, decreased apoptosis, increased regeneration and overall 

better metabolic profile occurred very early after therapy and were independent of stem 

cells’ engraftment. As such, an interesting phenomenon could be taking place, as stem 

cells could potentially transfer mitochondria to liver cells, thus improving their 

metabolic capacity. The transfer of mitochondria is thought to occur through 

intercellular nanotubes [259] and direct intrasplenic injection of isolated mitochondria 

has also proved beneficial in experimental models of liver ischemia-reperfusion injury 

[260]. Although stem cell therapy for PHLF has been mostly experimental, some 

clinical trials have addressed the possibility of using CD133+ stem cells in the 

prevention of PHLF, in particular as adjuvant to portal vein embolization [261,262]. As 

further clinical studies are underway in cell therapy for liver disease, it would be 

interesting to evaluate the effect on mitochondrial function, in particular in the setting of 

acute liver failure and PHLF. 

 

Conclusions and future prospects 

Although the subject of bioenergetics in liver regeneration and clinical liver 

surgery has been explored in the past, recent clinical and experimental evidence has 

rekindled the interest in this field. With the increased prevalence of chronic liver disease 

and the expanding indications for hepatectomy, novel strategies to improve the results 

of liver surgery are paramount. Albeit a wondrous phenomenon, liver regeneration is 
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not inexhaustible and some patients still die from liver dysfunction in spite of optimal 

pre-, intra- and postoperative management, even in the most experienced hepatobiliary 

surgery centers. As liver physiology is evermore so taken to its limits, a profound 

knowledge of the factors involved in liver regeneration is desperately needed, including 

the energy source that fuels it. Mitochondria, the main energy suppliers of eukaryote 

cells and key players in cell death, find themselves at the heart of this process, and in 

the spotlight of biomedical research. 

The clinical importance of bioenergetics in liver surgery is threefold. Firstly, 

bioenergetics status of the liver parenchyma could become an important prognostic 

marker of preoperative liver reserve, in the same way as volumetry or ICG retention rate 

[263,264]. This would be of particular relevance in cases of diseased liver parenchyma, 

whereby an accurate assessment of liver functional reserve is sometimes exceedingly 

difficult. Indeed, the search for precise functional assessment of the FLR is still 

ongoing, with an increasingly greater emphasis on dynamic or segmental function tests 

(kinetic growth rate, differential assessment of right versus left liver function by 

hepatobiliary scintigraphy or gadoxetic acid-enhanced magnetic resonance) rather than 

static or whole-liver function tests [265–268]. As both dynamic and static liver function 

tests ultimately depend on the assessment of endergonic, or ATP consuming reactions, 

measurement of energy status of liver cells could in itself be considered a liver function 

test [269]. In this regard, preoperative bioenergetics capacity would potentially translate 

into clinical practice as a significant measure of parenchymal tolerance to surgical 

insult. 

Secondly, as the evidence for the key role of mitochondria in the 

pathophysiology of posthepatectomy liver failure unfolds, so does the possibility of 

using markers of mitochondrial dysfunction in the early detection of this dreaded 

complication gain even more relevance. In fact, several serum biomarkers are currently 

being explored in the setting of toxic-induced acute liver failure and could also prove 

their worth in the early diagnosis of PHLF. Furthermore, novel approaches like 

microdialysis could potentially aid in the early detection of the metabolic derangements 

that precede full-blown liver failure in high-risk patients.  
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Finally, as the possibility of direct interventions on liver energy homeostasis 

proves useful in improving clinical outcomes, a fascinating new field of mitochondrial-

directed therapies emerges into the clinical arena. Several noteworthy therapeutic 

strategies developed to improve postoperative liver function have demonstrated to have 

an underlying rationale based on enhanced cellular bioenergetics. This is the case for 

preoperative biliary drainage, portal vein embolization and hyperbaric oxygen. Thus, 

novel approaches such as pharmacological induction of mitochondrial biogenesis and 

mitophagy, inhibition of the permeability transition, portal flow modulation or stem cell 

therapy could ultimately result in an improvement of cellular energetics and 

substantially decrease the morbidity and mortality of liver resection.  

In conclusion, as Nagino et al brilliantly stated, “the tolerable extent of radical 

resection depends on the capacity for regeneration of the remnant liver” [46]. And by 

becoming able to improve energetic conditioning of the liver parenchyma we will safely 

expand the limits of hepatic surgery; potentially benefiting patients nowadays deemed 

inoperable due to a predicted insufficient liver remnant. 
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I. Introduction 

  
Hepatectomy, the only curative treatment for many patients with primary and 

secondary malignant neoplasms, ultimately relies on the liver’s capacity to replace lost 

hepatocyte mass, while still producing an acute-phase response and maintaining 

adequate hepatocellular function [43]. All these processes require an enormous energy 

supply, which, if not met, can contribute to a derangement in liver function known as 

Posthepatectomy Liver Failure (PHLF), a severe and sometimes lethal complication of 

liver surgery [165]. 

Mitochondria are the powerhouses of eukaryote cells, hosting the most 

important energy-producing reactions: β-oxidation of fatty acids, the tricarboxylic acid 

cycle and the electron transport chain. The electron transport chain (ETC) is the key 

enzymatic machinery for production of adenosine triphosphate (ATP). In the ETC 

protons are moved from the mitochondrial matrix into the inter-membrane space, 

creating an electro-chemical gradient. The energy for the creation of this chemiosmotic 

gradient is provided by the sequential transport of electrons along the ETC complexes I 

to IV from two intermediate molecules, flavin adenine dinucleotide (FADH2) and 

nicotinamide adenine dinucleotide (NADH), to molecular oxygen. The return of protons 

to the mitochondrial matrix is coupled to ATP synthesis by complex V (F1F0 ATP-

synthase). The uncoupling of oxidative phosphorylation causes a decrease in energy 

production, and the resulting energetic failure causes cell death by necrosis. Apoptotic 

cell death can also occur because of induction of mitochondrial membrane permeability 

transition, releasing cytochrome c and activating the caspase-dependent pathway of 

apoptosis. Mitochondrial membrane potential can be measured experimentally and is, 

along with oxygen consumption and ATP content, an excellent indicator of cellular 

energy homeostasis [270,271].  

Mitochondrial dysfunction is an important factor in the pathophysiology of 

many liver diseases [54–56,86,272]. Experimental evidence suggests a key role for 

bioenergetics in post-resection liver regeneration [52,66] and this approach has recently 
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regained interest [20–22]. In order to reduce blood loss, hepatectomy is often performed 

under inflow occlusion, or Hepatic Pedicle Clamping (HPC), causing ischemia-

reperfusion injury [67,68,273,274]. Isolated HPC without hepatectomy is known to 

cause mitochondrial dysfunction experimentally [69]. However, the impact of 

hepatectomy with HPC on mitochondrial function in animal models is largely unknown. 

And furthermore, the precise role of mitochondrial dysfunction in clinical liver resection 

is yet to be investigated.  Hence, the research questions underlying this Chapter were: 

1. What is the effect of hepatectomy with hepatic pedicle clamping on liver 

mitochondrial function? 

2. What is the clinical relevance of energetic status and mitochondrial function 

on the postoperative outcome, liver function, and morbidity of patients 

undergoing liver resection? 

3. And as secondary endpoint, how are baseline mitochondrial oxidative 

phosphorylation and respiration influenced by preoperative status, in 

particular by age and co-morbidities?  

In the attempt to answer these questions we designed an experimental study to 

assess the effect of major hepatectomy with intermittent hepatic pedicle clamping on 

mitochondrial oxidative phosphorylation, respiration and liver injury. A prospective, 

observational clinical study was also conducted to investigate the intraoperative changes 

in cellular bioenergetics in liver biopsies of patients undergoing hepatectomy; we then 

correlated these findings with pre-, intra- and postoperative variables, especially 

posthepatectomy liver function and morbidity. 

 

II. Materials and Methods 
 

A. Experimental study 

1. Study animals 

Animals, 12 weeks old male Wistar rats (Rattus norvegicus) weighing 267 – 323 

g were purchased from Charles Rivers (Charles Rivers, France). Upon arrival animals 

were allowed to acclimatize and were housed in 12-hours light-dark cycles, with 



Mitochondrial Bioenergetics, Hepatic Pedicle Clamping and Posthepatectomy Liver Dysfunction  

83 

 

controlled temperature and humidity, with unlimited access to food and water. The 

study protocol was approved by the Animal Ethics Committee of the Faculty of 

Medicine of the University of Coimbra and all animals received care according to 

institutional guidelines. 

  

2. Surgical protocol 

Surgical procedures were conducted under isoflurane anaesthesia, by the same 

operator, between 7:00 and 8:00 am. The experimental model of hepatectomy consisted 

of the resection of the median (ML) and left lateral lobes (LLL), comprising a 68% to 

70% reduction, according to Martins et al [275]. A median laparotomy was performed 

and the liver mobilized by division of the triangular and hepatogastric ligaments. 

Ligation of the vasculo-biliary pedicles to the ML and LLL was performed with 

polyglactin 4/0 (Vicryl, Ethicon, USA). For hepatic pedicle clamping, the liver hilum 

was isolated just cranial to the duodenum and a microvascular bulldog clamp placed for 

two periods of 15 minutes, with a 5-minutes interval of reperfusion. Adequate inflow 

occlusion was confirmed by absence of visible pulsation in the hepatic artery distal to 

the clamp and by the onset of venous congestion and edema in the splanchnic territory.  

Animals (n=35) were divided in four groups: 

 Group 1 or control group (n= 7), underwent sham laparotomy, isolation of 

hepatic pedicle and gentle liver manipulation, with the abdomen open during 35 

minutes; 

 Group 2 (n= 14), underwent 70% hepatectomy; the hepatic pedicle was isolated 

but not clamped and the abdomen was left open for 35 minutes;  

 Group 3 (n= 7), underwent intermittent HPC (during 15 minutes, followed by 5 

minutes reperfusion and 15 minutes clamping again) and gentle liver 

manipulation, but without hepatectomy; 

 Group 4 (n= 7), underwent 70% hepatectomy with intermittent HPC (during 15 

minutes, followed by 5 minutes reperfusion and 15 minutes clamping again).  
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At the end of the procedure the abdomen was closed in two layers with 

polyglactin 4/0 (Vicryl, Ethicon, USA) in all groups; all operated animals were allowed 

to recover.  

Animals were sacrificed at 12h, 24h, 48h and 72h after the surgical procedure, 

by craniocervical dissociation. Blood was collected from the inferior vena cava, and 

remnant liver (in groups 2 and 4) and whole liver (in groups 1 and 3), was weighed and 

removed. 

 

3. Mitochondrial isolation 

Mitochondria were isolated in homogenization medium containing 250 mM 

sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4), 

0.5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 

and 0.1% fat-free bovine serum albumin (BSA), as previously described [69,276]. After 

homogenization of the minced blood-free hepatic tissue, the homogenate was 

centrifuged at 800 g for 10 min at 4º C. The supernatant was spun at 10,000 g for 10 

min at 4º C to pellet mitochondria, which were re-suspended in a final washing medium. 

EGTA and bovine serum albumin were omitted from the final washing medium, 

adjusted at pH 7.4. Protein content was determined by the biuret method calibrated with 

bovine serum albumin. 

 

4. Measurement of mitochondrial membrane potential 

Mitochondrial membrane potential was estimated using an ion-selective 

electrode to measure the distribution of tetraphenylphosphonium (TPP
+
). The voltage 

response of the TPP
+
 electrode to log (TPP

+
) was linear with a slope of 59 ± 1, in 

conformity with the Nernst equation. Reactions were carried out at 25º C, in a 

temperature-controlled water-jacketed chamber with magnetic stirring. Mitochondria (1 

mg) were suspended in 1 ml of standard respiratory medium (130 mM sucrose, 50 mM 

KCl, 5 mM MgCl2, 5mM KH2PO4, 50 µM ethylenediaminetetraacetic acid EDTA, and 
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5 mM HEPES [pH 7.4] and 2 µM rotenone supplemented with 3 µM TPP
+
). A matrix 

volume of 1.1 µl/mg protein was assumed. 

The measured parameters were: membrane potential (mV); depolarization (mV); 

lag phase (seconds); and repolarization (mV). Readings were recorded in duplicate. 

 

5. Measurement of oxygen consumption 

Oxygen consumption of isolated mitochondria was polarographically 

determinated with a Clark oxygen electrode (Oxygraph, Hansatech Instruments Ltd, 

UK) as described [69]. Mitochondria (1 mg) were suspended under constant stirring, at 

25ºC, in 1.3 ml of standard respiratory medium (130 mM sucrose, 50 mM KCl, 5 mM 

MgCl2, 5mM KH2PO4, 50 µM EDTA, and 5 mM HEPES (pH 7.4) and 2 µM rotenone). 

State 3 respiration was induced by adding 200 nmol ADP. The oxygen consumption 

was also measured in the presence of 1 µM carbonylcyanide-p-

trifluoromethoxyphenylhydrazon. State 3 and Respiratory Control Ratio (RCR) were 

calculated according to Chance and Williams [277]. 

 

6. Blood biochemistry 

Plasma samples were collected and enzymatic determinations of alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase 

(LDH) performed using the Architect c System (Abbott Laboratories, USA). 

 

7. Histology 

Tissue samples analysis was performed on formalin-fixed paraffin-embedded 

tissue, using standard procedure: tissue samples were grossly inspected and sectioned, 

fixated in 4% formaldehyde, embedded in paraffin and cut in 4 µm sections. 

Examination by an experienced pathologist blinded to the experimental groups was 

performed on Haematoxylin and Eosin (H&E, Polysciences, Sakura Autostainer – 

Prisma 81D) stained slides observed in light microscope – Nikon Eclipse 50i, and 
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images obtained using a Nikon-Digital Sight DS-Fi1 camera. Sinusoidal dilation, 

cytoplasmic vacuolation, hepatocellular ballooning, hepatocellular cytoaggregation, 

nuclear pyknosis, steatosis, necrosis, polymorphonuclear inflammatory infiltrate, 

mitotic activity and billirubinostasis were graded as absent, mild, moderate and severe; 

in some cases the parameters were graded together as absent/mild versus 

moderate/severe. 

 

B. Clinical study 

Consecutive patients undergoing hepatectomy between January and September 

2014 were included. Exclusion criteria were: refusal to participate, age under 18 years, 

laparoscopic hepatectomy, significant liver fibrosis (Metavir F3 or F4) and need for 

associated vascular resection. Institutional ethics committee approved the study and 

informed consent was obtained from each patient.  

 

1. Study population and surgical procedures 

Study population consisted of 30 patients, 16 male and 14 female, with a median 

age of 62 years and a median Model for End Stage Liver Disease (MELD) score of 8 

(range 6–12). Indications were: colorectal cancer liver metastases in 16 cases (53.3%); 

non-colorectal cancer liver metastases in 7 (23.3%); cholangiocarcinoma in 3 (10%); 

and other benign indications in 4 (13.3%).  

Hepatectomies were performed through bilateral subcostal incisions with routine 

used of intraoperative ultrasonography. Parenchymal transection was performed with 

ultrasonic dissection with CUSA™ Ultrasonic Surgical Aspirator (Integra, Plainsboro, 

N. USA) or Kelly-clamp crush technique, as previously described [115,273]. Twenty 

two (73%) patients underwent minor hepatectomies (up to two Couinaud segments) and 

eight (27%) major hepatectomies (three or more Couinaud segments). Hepatic pedicle 

clamping (HPC) was used (only when deemed necessary)  in 21 (70%) patients, with a 

mean time of 39 ±25 minutes (range 10–99); an intermittent strategy of 15 minutes 

clamping with 5 minutes reperfusion was used. Sixteen (53%) patients underwent 20 or 
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more minutes of HPC. Liver parenchyma was normal in all but four patients with mild 

steatosis and in three with mild sinusoidal dilation. Clinical and operative data are 

detailed in Table 2.1.  

 

2. Collection of biopsies 

Study protocol consisted of taking 2 x 2 cm wedge biopsies in the non-resected 

liver at two time points: biopsy A, collected at the beginning of the procedure; and 

biopsy B, collected at the end of the procedure, immediately after the last period of 

clamping (if HPC was performed). Samples were divided. One fragment was placed in 

4° C preservation solution (sucrose 250 mM, EGTA 0,5 mM, HEPES 10 mM, pH 7,4, 

BSA 1%) and immediately transported to the laboratory for mitochondrial fraction 

isolation and function tests: membrane potential and respiration. The other part of the 

biopsy was frozen at –80º C for assessment of ATP content. 

 

3. Mitochondrial isolation, measurement of mitochondrial membrane potential 
and oxygen consumption 

Mitochondrial isolation, membrane potential measurement and oxygen 

consumption were performed as described previously for the experimental study. 

Variables obtained were: initial membrane potential (mV); depolarization (mV); lag 

phase (seconds); and repolarization (mV). Readings were recorded in triplicate. Values 

for baseline sample (biopsy A) and end of surgery sample (biopsy B) were obtained and 

the difference was calculated as the value in sample B minus the value in sample A. 

Initial and final values of RCR were obtained and the difference calculated, as above. 

 

4. Measurement of Adenosine Triphosphate (ATP) content 

Liver ATP was extracted using an alkaline extraction procedure, as described by 

[278]. Tissue ATP levels were measured with the Luciferase / Luciferine assay (Sigma 

Chemical Company, St. Louis, MO) with a PerkinElmer VICTOR 3 plate-reader 

fluorometer (PerkinElmer, Waltham, MA), according with the manufacturer´s 



Chapter II 

88 

 

instructions. Initial and final values of ATP were obtained and the difference calculated, 

as above. 

 

Table 2.1 - Clinical and operative data of the study population submitted to liver resection (N= 30 
patients undergoing hepatectomy for diverse indications) 

 N % 
Male / Female 16 / 14  

Age (median, range) 62 years  

(42 – 80) 

 

Body Mass Index (mean ± standard deviation, range) 27.0 ± 4.9 Kg.m
-2

  

(20.0 – 38.0) 

 

Diabetes mellitus    

Yes 8 26.7 

No 22 73.3 

American Society of Anesthesiology classification   

I 8 26.7 

II 16 53.3 

III 6 20 

Preoperative chemotherapy   

Yes 16 53.3 

No 14 46.7 

Indications   

Colorectal cancer liver metastases 16 53.3 

Non-colorectal cancer liver metastases 7 23.3 

Perihilar cholangiocarcinoma 3 10 

Hepatocellular adenoma 1 3.3 

Hydatid cyst 3 10 

Surgical procedures   

Major hepatectomy 8 27% 

 Right hepatectomy 4 13.3 

 Extended right hepatectomy 1 3.3 

 Left hepatectomy 2 6.7 

 Central hepatectomy 1 3.3 

Minor hepatectomy 22 73% 

 Bissegmentectomy 4 13.3 

 Segmentectomy 5 16.7 

 Subsegmentectomy 7 23.3 

 Multiple, atypical resections 6 20 

Intraoperative transfusion   

Yes  6 20 

No 24 80 
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5. Postoperative liver function and clinical course 

Arterial lactate was measured every six hours in the first 24 hours. Standard 

biochemical determinations of International Normalized Ratio (INR), total bilirubin, 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were performed 

on postoperative days 0, 1, 3, 5 and 7. Arterial lactate clearance was calculated 

according to Wu et al [279]. 

Postoperative morbidity was defined and graded according to Dindo et al up to 

the 90
th

 postoperative day [280]. Posthepatectomy liver failure (PHLF), was defined and 

graded by International Study Group of Liver Surgery (ISGLS) consensus definition, as 

an increased value of both bilirubin and INR on or after the 5
th

 postoperative day [162]. 

Bile leakage and biloma were defined by the ISGLS consensus [281]. Liver-specific 

morbidity was defined as any complication directly related to liver resection, namely 

PHLF, ascites, bleeding, bile leakage, biloma or intra-abdominal abscess.  

 

C. Statistical analysis 

All continuous variables were presented as mean ± standard error of the mean 

unless otherwise specified. Normality of distribution of continuous variables was 

assessed with Kolmogorov-Smirnov and Shapiro-Wilk tests, when indicated. 

Categorical variables were compared with the Chi-square test. Continuous variables 

with normal distribution were compared with Student t test and with non-normal 

distribution with the Mann-Whitney U test; correlations were assessed with Pearson 

correlation. Receiver operating characteristic (ROC) curve analysis was used to assess 

the predictive value of mitochondrial function for morbidity. Binary logistic regression 

was conducted to examine the individual effect of each parameter on postoperative 

morbidity. Statistical analysis was performed using SPSS™ (version 21.0, SPSS inc., 

Chicago, IL.). Significance was considered when p < 0.05. 
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III. Results 

 

A. Experimental study 

1. Effect of Hepatectomy with Hepatic Pedicle Clamping on Mitochondrial 
Oxidative Phosphorylation and Respiration 

Animals in group 4 presented significantly increased lag phase at 12h 

posthepatectomy (122.4 ±19.6 seconds), indicating a longer time to repolarize the 

electrochemical gradient across the mitochondrial inner membrane, when compared 

with animals in other groups (92.2 ±4.1 seconds) (p=0.03) (Figure 2.1.A). However, no 

significant differences were observed in other bioenergetics parameters, including 

membrane potential, depolarization, repolarization or RCR. 

 

2. Effect of Hepatectomy with Hepatic Pedicle Clamping on markers of 
hepatocellular death 

Both groups 2 and 4 presented a statistically significant increase in serum ALT 

(277 ±88.2 and 249 ±63.8 UI/L, respectively), when compared with groups 1 and 3 (93 

±34.5 and 86 ±38.6 UI/L, respectively) (p=0.03) (Figure 2.1.B). No statistically 

significant differences were observed in serum levels of AST or LDH. 

 

3. Effect of Hepatectomy with Hepatic Pedicle Clamping on liver histology 

As expected there was a significant increase in mitotic count at 24h and 48h in 

animals undergoing hepatectomy (groups 2 and 4) (median 1; IQR 1-4) versus animals 

not undergoing hepatectomy (groups 1 and 3) (median 0; IQR 0-0) (p=0.012). However, 

there was no statistically significant difference in remnant liver weight in goups 2 and 4. 

Macro and microvesicular steatosis at 48 hours was more prevalent in animals in group 

4 than in the other groups (p=0.018) (Figure 2.2). No statistically significant difference 

in necrosis, ballooning, pyknosis, inflammatory cell infiltrate or sinusoidal dilation was 

observed between groups.  
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Furthermore, in groups 2 and 4, animals developing moderate or severe steatosis 

displayed reduced membrane potential (204.9 ±0.7) and RCR (3.3 ±0.3) versus animals 

developing no or mild steatosis (216.7 ±1.7 and 5.2 ±0.5, respectively) (p<0.05). 

 

 

 

 

 

 

 

 
 
 
 
A. Mitochondrial function in different 
experimental groups: Lag phase was 

significantly longer (122.4 ±19.6 seconds) in 

animals in group 4 versus animals in other 

groups (# p=0.03 versus other groups) 

 

 

 

 

 

 

 

 

 

 

B. Serum markers of hepatocellular 
necrosis: Alanine aminotransferase (ALT) 

was significantly increased in animais 

undergoing hepatectomy, irrespective of 

undergoing HPC (group 4) or not (group 2) 

(* p=0.03 versus groups 1 and 3) 

 

Figure 2.1 - Markers of mitochondrial function and hepatocellular necrosis in the 
experimental study: N= 35 Wistar rats undergoing sham operation (group1); intermittent 
hepatic pedicle clamping (HPC) (goup 2); 70% hepatectomy (group 3); or 70% hepatectomy 
with HPC (group 4) 



Chapter II 

92 

 

Figure 2.2 - Histological analysis in the experimental study (N= 35 Wistar rats) 

Representative findings on Haemotoxylin and Eosin staining of liver parenchyma 48 hours after surgery. Animals 

undergoing hepatectomy with hepatic pedicle clamping (HPC)  (group 4) presented with increased micro- and 

macrovesicular steatosis versus other groups. 

 

 

 

B. Clinical study 

1. Clinical outcome 

Major morbidity, defined as Dindo grades III-V, was present in eight (27%) 

patients. Five patients experienced PHLF (ISGLS grade A in four cases and grade C in 

one). Liver-specific complications were present in 11 (37%) patients: PHLF in five 

cases (17%); biloma in four cases (13%) (Dindo grade IIIA); bile leak in one case (3%) 

(grade II); hemorrhage in one case (3%) (grade II). Postoperative mortality occurred in 

one case (3%) due to grade C PHLF after extended right hepatectomy for 

cholangiocarcinoma. Median length of stay was 6 days (range 5 – 24). 
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2. Baseline mitochondrial function 

We found a significant linear correlation between liver ATP levels with 

membrane depolarization (r= -0.693; p=0.039). Furthermore, patients with diabetes 

mellitus had a statistically significant lower baseline mitochondrial repolarization (178 

±5.4 mV; p=0.035) and lower Respiratory Control Ratio (1.86 ±0.3; p=0.035).  

Likewise, patients with obesity (body mass index > 30 kg.m
-2

) had lower baseline 

Respiratory Control Ratio (1.85 ±0.2; p=0.034). 

No statistically significant differences were observed in baseline mitochondrial 

function in patients with increasing age, gender, preoperative chemotherapy, steatosis or 

sinusoidal dilation. 

 

3. Hepatic Pedicle Clamping and mitochondrial function  

Longer HPC time significantly correlated with worsening mitochondrial 

oxidative phosphorylation, namely intraoperative decrease in mitochondrial membrane 

depolarization (r= -0.591; p=0.011) and intraoperative increase in lag phase (r= 0.568; 

p=0.006) (Figures 2.3 A, B and C). Patients with HPC time over 20 minutes suffered a 

significant intraoperative drop in depolarization (-3.06 ±1.7 mV) versus patients with 

less than 20 minutes of HPC, who experienced a mean increase (4.9 ±2.9 mV) 

(p=0.024). 

 

4. Mitochondrial function and hepatocellular necrosis and function 

Mitochondrial bioenergetics presented several significant correlations with 

postoperative markers of hepatocellular necrosis (aminotransferases on day 1) and 

function (arterial lactate on the day of surgery, and INR and total bilirubin on day 5) 

(Table 2.2). 

The stronger correlations observed were end of surgery depolarization with peak 

postoperative ALT (r= -0.568; p= 0.005) and AST (r= -0.574; p=0.004); and 

intraoperative change of lag phase with 5
th

 day INR (r= 0.550; p=0.008) and bilirubin 

(r= 0.679; p =0.001). 
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Figure 2.3 - Hepatic pedicle clamping and mitochondrial function in the clinical study (N= 30 
patients undergoing hepatectomy for diverse indications) 

A – Representative graph of mitochondrial functional parameters measured in the tetraphenylphosphonium (TPP+) 

electrode in a patient with worsening of mitochondrial function from sample A (beginning of hepatectomy) to sample 

B (end of hepatectomy, after three 15 minutes periods of hepatic pedicle clamping): 1 – decrease in initial potential; 2 

– decrease in depolarization; 3- longer lag phase; and 4 – decrease in repolarization 

B - Correlation between longer hepatic pedicle clamping time and increase in lag phase in the study population 

(Pearson r = 0.568 p=0.006)  
C – Correlation between longer hepatic pedicle clamping time and decrease in mitochondrial depolarization in the 

study population (Pearson r = -0.519 p=0.011) 

 

 

The correlations between end of surgery depolarization and first day ALT and 

AST were stronger in patients with over 20 minutes of HPC (r= -824; p= 0.001 and r= -

788; p=0.002, respectively). 

In patients submitted to major hepatectomy RCR at the end of surgery 

significantly correlated with arterial lactate clearance (r= 0.756; p=0.049) and variation 

in mitochondrial potential also correlated negatively and strongly with first day arterial 

lactate (r= -0.892; p= 0.042). 
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Table 2.2 - Mitochondrial function and postoperative liver function in the clinical study (N= 30 
patients undergoing hepatectomy for diverse indications) 

Correlations between mitochondrial bioenergetics parameters and markers of hepatocellular function and necrosis 

(arterial lactate 6 hours after end of surgery, peak postoperative aminotransferases on postoperative day 1, 

International Normalized Ratio on postoperative day 5 and total bilirubin on day 5) in the study population (* p < 

0.05; ** p < 0.005) 

 Arterial lactate 6 

h 

Day 1  

ALT 

Day 1  

AST 

Day 5 

Bilirubin 

Day 5  

INR 

End of surgery 

membrane potential 

r = 0.068 r = - 0.326 r = - 0.225 r = - 0.015 r = - 0.219 

End of surgery lag 

phase 

r = 0.452* r = 0.452* r = 0.415* r = 0.444* r = 0.627** 

End of surgery 

depolarization 

r = - 0.282 r = - 0.568* r = - 0.574** r = - 0.179 r = - 0.224 

End of surgery 

repolarization 

r = - 0.095 r = - 0.096 r = 0.003 r = 0.055 r = - 0.368 

Change in 

membrane potential 

r = - 0.357 r = - 0.453* r = - 0.445* r = - 0.416 r = - 0.343 

Change in lag phase 

 

r = 0.508* r = 0.484* r = 0.460* r = 0.550* r = 0.679** 

Change in 

depolarization 

r = - 0.426* r = - 0.571** r = - 0.553* r = - 0.279 r = - 0.257 

Change in 

repolarization 

r = - 0.287 r = - 0.112 r = - 0.096 r = - 0.332 r = - 0.494* 

 

 

5.  Mitochondrial function and postoperative morbidity 

Patients developing liver-specific morbidity and PHLF presented with worse end 

of surgery mitochondrial bioenergetics (Table 2.3). 

Multivariate analysis demonstrated that intraoperative deterioration in 

mitochondrial membrane potential (HR=13.7; p=0.043) and preoperative chemotherapy 

(HR=13.7; p=0.043) were independent risk factors for liver-specific morbidity (Table 

2.4).  
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Elevated lag phase at the end of surgery, above 53.9 seconds, was found to be 

highly predictive of PHLF (area under the curve: 0.933; p=0.008; sensitivity 100%; 

specificity 83.3%). However, there was no statistically significant association of 

mitochondrial dysfunction with major morbidity or mortality. 

 

IV. Discussion 
 

Posthepatectomy liver failure is a severe complication of liver surgery, 

associated with increased mortality, risk of sepsis and decreased long term survival 

[13,14,282]. Liver regeneration is a highly energy dependent process and bioenergetic 

status of the main parenchymal cell of the liver, the hepatocyte, is of paramount 

importance in this process. However, the exact role of bioenergetics in clinical 

posthepatectomy liver dysfunction is largely unknown. 

Experimental evidence confirms the key role of mitochondrial homeostasis in 

liver regeneration. Improved energy status and decreased mitochondrial permeability 

transition can improve liver regeneration, maintain hepatocellular function and decrease 

mortality in animal models of major hepatectomy [20,52]. However, clinical evidence 

for bioenergetics dysfunction in liver surgery is scarce. One study failed to show 

significant correlations of mitochondrial respiration with clinical parameters, possibly 

because only one intraoperative biopsy was made [65]. Furthermore, the effect of 

hepatic pedicle clamping on mitochondrial function in the setting of liver resection has 

not been fully clarified, both clinically and experimentally. This led to the design of two 

distinct and original studies, one experimental and one clinical, to elucidate these issues. 

In the clinical study we sought to investigate the change in liver mitochondrial 

function by performing two intraoperative biopsies in the non-resected parenchyma, one 

at the beginning of the procedure and one at the end. Rather than only measuring the 

absolute value, we also measured the change in mitochondrial membrane potential, 

oxygen consumption and ATP content between the two samples, thus reflecting the 

intraoperative change in the liver energy state. We then sought to correlate these data 

with preoperative liver function, HPC time, markers of hepatocellular necrosis and 

function, and postoperative morbidity. 
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Unsurprisingly, there was a significant correlation between mitochondrial 

membrane depolarization and ATP levels. There is a direct and biological rationale for 

this finding, since ATP synthesis depends on proper function of the electron transport 

chain, as well as adequate adenosine diphosphate transport into the mitochondrial 

matrix and an efficient ATP-synthase.  

We were not able to demonstrate any correlation of mitochondrial metabolism 

with preoperative liver function. This is easily explained, not only because cirrhotic 

patients were excluded from the study, but also because liver parenchyma was normal 

all but in seven patients, who presented mild histologic changes; this was confirmed by 

the low median MELD score of the study population. Regarding the effect of other 

clinical variables on mitochondrial function, we also did not confirm any change with 

advanced age or preoperative chemotherapy. Nonetheless, our results confirmed that 

patients with diabetes and obesity had worse mitochondrial function and this finding is 

in keeping with other studies [56,272] (and reviewed in Chapter I - “Bioenergetics and 

Liver Regeneration: Review of the Role of Energy Status in the Pathophysiology of 

Posthepatectomy Liver Failure”). 

Regarding the association of HPC with mitochondrial dysfunction, answers were 

sought in both the clinical and the experimental study.  

The experimental study was designed to explore the effect of a well-tolerated 

HPC strategy, namely 30 minutes intermittent clamping strategy. Although this duration 

of HPC, if used continuously, is associated with increased hepatocellular injury in 

animal models of 70% hepatectomy [220,283], it is well tolerated when used 

intermittently [284]. Furthermore, intermittent clamping is the most widely used 

strategy in the clinical setting [68,274,285]. We confirmed little evidence for increase in 

hepatocyte death, as was demonstrated by similar ALT levels in both hepatectomy 

groups, irrespective of HPC. Group 4 also did not present an enhanced necrosis score on 

histology when compared with animals undergoing hepatectomy without HPC. 

Nonetheless, animals undergoing hepatectomy with HPC presented longer lag phase at 

12 hours posthepatectomy, reflecting an impaired phosphorylation of ADP. Group 4 

also demonstrated an increased steatosis score at 48 hours, versus the other 

experimental groups. Another interesting finding was that both groups of animals 
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undergoing hepatectomy presented an association of intracellular accumulation of lipids 

with decreased mitochondrial respiration and membrane potential. In fact, steatosis is 

known to occur during early liver regeneration and improvement in energy status can 

potentially decrease intra-hepatocyte lipid accumulation [22,286]. These findings could 

be easily explained, as hepatocytes become preferential users of free fatty acids released 

from adipose tissue after surgical aggression. So, a disturbance in the mitochondrial 

electron transport chain and subsequent decreased oxygen consumption would lead to 

an increase in the reduced form of nicotinamide adenine dinucleotide (NADH) and 

increased NADH/NAD+ ratio, thus halting the β-oxidation of fatty acids, causing their 

accumulation in the hepatocytes’ cytoplasm. 

As such, we demonstrated that mitochondrial dysfunction, in particular longer 

lag phase, is a subtle yet measurable biologic change of the liver parenchyma after 

hepatectomy with inflow occlusion in the experimental model. We postulate that longer 

HPC time is associated with increased mitochondrial dysfunction, and this was 

confirmed in the clinical study. In the cohort of patients we observed a moderately 

strong and statistically significant correlation of duration of HPC with two relevant 

bioenergetics variables. Furthermore, mitochondrial membrane depolarization was 

significantly worsened in patients with over 20 minutes of HPC, whereas it was 

improved in patients with under 20 minutes, possibly reflecting a mechanism of 

ischemic preconditioning [108]. This confirms the previous notion that a strategy of 

intermittent HPC in an on-need basis is usually considered safest [273,274]. 

Nevertheless, HPC time over 20 minutes has previously been associated with an 

increased risk of liver failure and mortality [287].  

In keeping with the second interrogation of this study, our clinical results clearly 

demonstrate a significant relationship between mitochondrial bioenergetics with 

postoperative markers of hepatocellular necrosis. There was a moderate correlation 

between deterioration of mitochondrial depolarization and peak postoperative 

aminotransferases. This correlation was even stronger in patients undergoing HPC over 

20 minutes, possibly reflecting increased hepatocyte necrosis caused by bioenergetic 

failure. Although peak postoperative aminotransferases do not necessarily reflect 

outcome [288], they are a useful surrogate of remnant liver ischemia-reperfusion injury.  
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An additional finding was the important correlation of mitochondrial 

dysfunction with two key postoperative markers of hepatocellular function, namely fifth 

day INR and bilirubin [165,289]. Furthermore, patients undergoing major hepatectomy 

also experienced a very strong correlation between mitochondrial dysfunction and 

arterial lactate on postoperative day 1, a sensitive marker of liver function [171,279]; 

and between decreased oxygen consumption and depressed lactate clearance, possibly 

reflecting lower hepatic lactate metabolism rather than increased peripheral production 

[172].  

One of the main results of our study was a strong association of mitochondrial 

dysfunction with PHLF. Patients with PHLF presented lower end of surgery membrane 

potential and increased lag phase, likely reflecting the development of bioenergetics 

failure. In fact, end of surgery lag phase was a strong predictor of PHLF, with high 

specificity and sensitivity. And finally, intraoperative decrease in mitochondrial 

membrane potential was an independent risk factor for liver-specific morbidity.  

This clinical study is, to the best of our knowledge, the first to demonstrate a 

clear relationship between mitochondrial function and clinical outcome after 

hepatectomy. The importance of these findings is twofold. First, markers of 

mitochondrial dysfunction can be used for earlier diagnosis of PHLF. And finally, 

research into the mechanisms of bioenergetics dysfunction in liver surgery could open 

the way to novel pharmacological therapies. If translated into clinical practice, 

improvement in hepatocyte bioenergetics could decrease susceptibility to ischemia-

reperfusion injury, accelerate liver regeneration and ultimately decrease morbidity and 

mortality of liver resection. These concepts were explored in detail in Chapter I - 

“Bioenergetics and Liver Regeneration: Review of the Role of Energy Status in the 

Pathophysiology of Posthepatectomy Liver Failure”. 
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Plate II: Patient with severe 

Posthepatectomy Liver Failure undergoing 

extracorporeal circulation with the 

Molecular Adsorbent Recirculating 

System (MARS™) albumin dialysis

Posthepatectomy liver failure (PHLF) is the most dreaded complication of liver resection. Treatment is disappointing, 

even in spite of technological advances which include extracorporeal albumin dialysis systems. Clinically PHLF is 

characterized by ascites, jaundice and renal impairment. Sepsis is a common complication and sometimes a 

preterminal event, possibly functioning as a second-hit to an already compromised liver parenchyma. 

While mitochondrial dysfunction has been demonstrated to be involved in the pathogenesis of acute liver failure in 

other etiologies, this link has remained unproven in the setting of PHLF until recently.

The focus of both basic and clinical research has been on understanding the pathophysiology of PHLF in order to 

prevent its occurrence.

Plate I: Bloodless parenchymal 

transection during left hepatectomy

for malignancy

Profound knowledge of liver anatomy, 

technological advances in surgical 

instruments and dedicated anesthetic and 

perioperative care have decreased the risk 

of intraoperative bleeding during 

parenchymal transection. Nowadays 

clinical success of hepatectomy depends 

mostly on the capacity of the remnant liver 

to regenerate. 

Thus, constraints to resection are 

usually not imposed by the hepatic tumour 

load but by the quality and volume of the 

future liver remnant. When the liver’s 

capacity for regeneration is surpassed, 

Posthepatectomy Liver Failure ensues.





Plate III: Normal liver anatomy of the 

Wistar rat

The lobular structure and remarkable 

regenerative capacity of the rat liver provide an 

excellent model for the study of liver 

regeneration. The most used experimental 

procedure is the 70% hepatectomy model, 

which involves resection of the left lateral and 

median lobes. Liver regeneration starts almost 

immediately after resection and is usually 

complete by the seventh postoperative day. 

Previous experimental works prove that liver 

energy status is a relevant factor in this 

biological process.

Left Lateral Lobe

Median
Lobe

Right Superior 
Lobe

Right Inferior 
Lobe

Omental Lobe

Bile duct

Portal vein

Hepatic artery

Plate IV: Anatomy of the liver hilum of the Wistar rat and the microscopic appearance of the portal 

triad – The vasculo-biliary tree, from the hilum to the acinus

The liver parenchyma is supported by portal and arterial inflow, biliary drainage and venous outflow. From the 

liver pedicle (left) to the most fundamental functional unit – the acinus – portal, arterial and biliary branches 

sequentially bifurcate in sectorial, segmental and subsegmental branches, supplying the entire liver mass. At the 

microscopic level this is exemplified by the portal triad (right, Hematoxylin-Eosin 100x), the lowest division of the 

elements of the hepatic pedicle, where the vasculo-biliary structures are enveloped in a connective tissue sheath 

that is contiguous with the Glisson’s capsule.

The portal vein supplies the liver sinusoids with blood from the splanchnic organs, ensuring first contact of the 

liver with absorbed nutrients and xenobiotics, high concentration of entero-hormones and recirculating bile salts. The 

hepatic artery, on the other hand is responsible for the continuous delivery of oxygen, indispensable for the 

extremely high metabolic demands of the liver in its tireless regulation of glucidic, proteic and lipidic metabolism.





Intraoperative appearance of Sinusoidal Obstruction Syndrome (SOS), or “Blue Liver”, in a patient undergoing hepatectomy

for colorectal cancer liver metastases after oxaliplatin-based chemotherapy. SOS is associated with increased risk of 

intraoperative bleeding and complications after hepatectomy. 

In order to reduce bleeding in clinical liver resection or liver trauma, the hepatic pedicle can be temporarily clamped, a 

manoeuvre first described by Dr. John Hogarth Pringle, of Glasgow, in 1908. Hepatic Pedicle Clamping is an invaluable adjunct 

as it reduces intraoperative bleeding but it should be used judiciously in patients with chronic liver disease, including SOS, due 

to an increased susceptibility to ischemia-reperfusion injury and mitochondrial dysfunction.

Plate V: Hepatic Pedicle 

Clamping in a patient 

with “Blue Liver”

Plate VI: Histologic patters of Chemotherapy-

associated liver injury (CALI)

Preoperative chemotherapy is commonly used in the 

management of patients with colorectal cancer liver 

metastases, in order to downsize lesions and improve 

survival. However, hepatotoxicity is a concern and 

parenchymal injury can compromise liver regeneration 

and increase morbidity and mortality of liver resection. 

Three distinct patterns are recognized on liver 

histology: simple steatosis, steatohepatitis and 

sinusoidal obstruction syndrome. Disturbed cellular 

bioenergetics could prove to be a contributing factor in 

the pathophysiology of these conditions.

Steatosis
(Hematoxylin-Eosin 100x)

Chemotherapy-associated Steatohepatitis
(Hematoxylin-Eosin 200x)

Sinusoidal Obstruction Syndrome
(Masson trichrome 40x)





Plate VII: Percutaneous Right Portal Vein 

Embolization before Right Hepatectomy

To decrease the risk of Posthepatectomy Liver 

Failure after major or extended liver resection, 

Portal Vein Embolization (PVE) is occasionally 

required. This technique was first described in 1986 

and is usually performed under fluoroscopic 

guidance, through direct liver puncture.

By shunting portal blood flow to the non-tumor

bearing parenchyma, PVE causes atrophy and 

apoptosis in the embolized hemiliver; and cell 

proliferation and hypertrophy in the non-embolized

future liver remnant. After some weeks major 

hepatectomy can be performed with decreased 

morbidity.

Experimental evidence suggests that important 

adaptations in mitochondrial function take place in 

the non-embolized parenchyma.

Liver remnant consisting of segments 2 and 3 after right extended hepatectomy with bile duct 

resection for Bismuth type IV hilar cholangiocarcinoma

Extended resections, i.e. resections of five or more Couinaud segments, are one of the most risky procedures in 

modern Hepatobiliary Surgery, on occasion resulting in Posthepatectomy Liver Failure. 

Hilar cholangiocarcinoma is a particularly challenging condition, because patients usually present extremely 

jaundiced and biliary obstruction can severely hamper the liver remnant’s capacity for regeneration. Both experimental 

and clinical evidence suggest that liver mitochondrial function is deteriorated in chronic biliary obstruction and can 

significantly recover after biliary drainage. 

While meticulous surgical technique is mandatory, preoperative optimization of the future liver remnant is also a 

critical factor in the success of liver resection. This patient underwent the following consecutive preoperative 

percutaneous interventions: external biliary drainage; right and segment 4 portal vein embolization; and middle hepatic 

vein occlusion. With these procedures the future liver remnant volume increased from 222 cm3 to 360 cm3 making 

radical resection possible. She was discharged home on postoperative day 9 without any signs of liver dysfunction.

Plate VIII: 





Plate X: Mitochondria – the engine behind the liver’s 

amazing regenerative capacity

The liver’s extremely high metabolic demands can only be 

maintained through the unremitting work of mitochondria. Most 

liver functions are endergonic, or energy-dependent, requiring 

substantial amounts of adenosine triphosphate, supplied 

predominantly by mitochondrial oxidative phosphorylation under 

aerobic conditions.

After hepatectomy the remaining hepatocytes must replace 

lost liver mass while still maintaining liver function. This can 

only happen with an increased energy supply by mitochondria. 

Potentially, liver functional reserve before hepatectomy could 

be quantified through the measurement of metabolic capacity, 

instead of using single-function tests, like indocyanine green 

retention rate or hepatobiliary scintigraphy. 

Furthermore, mitochondrial-based therapies could plausibly 

increase the liver’s regenerative capacity and decrease the 

incidence of Posthepatectomy Liver Failure, surpassing the 

current limits of liver resection and providing hope for cure to 

patients nowadays deemed inoperable.

Plate IX: Volumetric analysis of the future 

liver remnant with the Osirix™ software 

before and after stage 1 of the ALPSS 

procedure

Volumetric analysis by cross sectional imaging 

is the gold standard for the correct assessment of 

the response to Portal Vein Embolization or two-

stage procedures, like the Associating Liver 

Partition and Portal Ligation for Staged 

Hepatectomy (ALPPS). 

Recent clinical evidence has shown that rather 

than the absolute increase in volume, the main 

factor in predicting regenerative capacity might 

be the kinetic pattern of liver growth. 

In the case illustrated the future liver remnant 

sustained a volume increase of 43% in less than 

two weeks and the patient underwent a non-

eventful recovery after the second stage of 

ALPPS. 

Being a highly-energy dependent chain of 

events, liver regeneration is influenced by 

mitochondrial status. In fact, sufficient evidence 

exists for a definite link of mitochondrial oxidative 

phosphorylation in the enhanced inter-stages 

liver volume growth in ALPPS. 
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I. Introduction 

 

Yearly, over 447.000 new cases of colorectal cancer are diagnosed in Europe 

and around 50% of them will develop liver metastases [290]. Liver resection is 

potentially curative in patients with colorectal cancer liver metastases (CRLM) 

[90,291], but up to 85% of patients are considered unresectable due to tumor load [2]. In 

these cases hepatectomy can be performed after aggressive chemotherapy in a 

conversion strategy, downsizing the lesions and allowing for safe resection [2,90]. 

Moreover, neoadjuvant chemotherapy (NCT) in upfront operable patients can improve 

overall and disease-free survival after hepatectomy [130,292]. Modern NCT consists of 

5-fluorouracil (5-FU) in association with irinotecan (FOLFIRI) or oxaliplatin 

(FOLFOX). Molecular-targeted agents, such as cetuximab and bevacizumab, have 

improved response rates and resectability [293].  

However, NCT is known to cause chemotherapy-associated liver injury (CALI) 

and may increase morbidity and mortality after liver resection [116,133,294]. Irinotecan 

has been reported to cause steatohepatitis (SH) [116], while oxaliplatin-based 

chemotherapy has been associated with sinusoidal obstruction syndrome 

[136,138,295,296]. Sinusoidal obstruction syndrome (SOS) consists of severe 

sinusoidal dilation and congestion, sinusoidal endothelial cell necrosis and sloughing, 

erythrocyte extravasation in the sinusoids, peliosis and decreased sinusoidal flow 

[136,137]. SOS is associated with depressed preoperative liver function, increased 

intraoperative bleeding, decreased tolerance to hepatic pedicle clamping (HPC), worse 

posthepatectomy liver function and lower regenerative capacity after two-stage 

hepatectomy or portal vein embolization [138–143,297]. 

Focal peliosis in SOS can also cause another unexpected side effect, which is the 

development of liver nodules on cross-sectional imaging that can be mistaken for liver 

metastases. We have previously reported the case of a 59 year old male patient with 

T3N1bM0 sigmoid colon adenocarcinoma [298]. The patient underwent sigmoidectomy 

and adjuvant chemotherapy with capecitabine and oxaliplatin. One year after surgery, a 
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26 mm hypodense de novo liver nodule on segment 8 suggestive of liver metastasis was 

discovered on routine postoperative computed tomography (CT) (Figure 3.1 A and B). 

A presumptive diagnosis of CRLM was made and the patient underwent uneventful 

right hepatectomy. Pathological examination demonstrated no evidence of nodule, with 

a congestive liver. Histologically there was intense sinusoidal congestion and dilatation 

with areas of hemorrhage, trabecular atrophy, focal peliosis and perisinuosoidal fibrosis, 

diagnostic of SOS (Figures 3.1 C through F).  

 

 

 

The finding of liver nodules mimicking liver metastases is an extremely rare 

event, and to our knowledge only two other publications have described this event 

previously to our paper [299,300]; but since then other cases have been reported 

[301,302]. These cases reinforce the need for an accurate imaging assessment of 

Figure 3.1 - A case of severe 
sinusoidal obstruction 
syndrome mimicking liver 
metastases: radiological and 
pathological presentation 

A - Preoperative contrast 

enhanced abdominal computed 

tomography (CECT) showing no 

liver nodules 

B - CECT after 12 cycles of 

oxaliplatin-based adjuvant 

chemotherapy showing a new 

hypodense liver nodule in 

segment 8, in close proximity to 

the right hepatic vein 

C - Panlobular diffuse sinusoidal 

dilatation and congestion 

(Hematoxylin-Eosin H&E 40x) 

D - Normal terminal hepatic 

veins (H&E 200x) 

E - Extreme sinusoidal dilatation 

with peliosis (H&E 100x) 

F - Atrophic hepatocelular plates 

and perisinusoidal fibrosis 

(Trichrome Masson 200x) 
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patients undergoing NCT before hepatectomy. In this regard, gadoxetic acid enhanced 

and diffusion-weighted Magnetic Resonance is gaining increasing relevance, not only 

by detecting typical radiologic signs of SOS such as hypointense reticulations and 

increased spleen size, but also by staging preoperative liver reserve [303–305]. 

As SOS induces such notorious changes in the liver structure, disturbance of 

liver physiology is undoubtedly more profound and could have important implications 

in the organ’s biological response to surgical and ischemic insult [139,297]. However, 

both the pathophysiology and the exact clinical consequences of SOS are still largely 

unknown. A recent meta-analysis and systematic review failed to show a significant link 

of SOS with posthepatectomy morbidity and mortality [306]. And furthermore, only one 

animal model has been validated of FOLFOX-related SOS [148].  

Although sinusoidal endothelial cell (SEC) injury underlies the development of 

SOS, other mechanisms could be at play, including mitochondrial dysfunction. In fact, 

direct mitochondrial effect could be a relevant factor in oxaliplatin toxicity. This has 

been reviewed in Chapter I – “Mitochondria and Liver Regeneration: Review of the 

Role of Energy Metabolism in the Pathophysiology of Posthepatectomy Liver Failure”. 

Meanwhile, bioenergetics dysfunction is a known factor in the development of 

posthepatectomy liver failure [19,146] (see also Chapter II – “Mitochondrial 

Bioenergetics, Hepatic Pedicle Clamping and Posthepatectomy Liver Dysfunction”.  

The research questions that prompted this Chapter were: 

1. What are the prevalence, full pathological spectrum and clinical 

consequences of CALI, and SOS in particular, in patients undergoing liver 

resection for CRLM? 

2. What is the role of bioenergetics in the pathogenesis of SOS-associated 

postoperative liver dysfunction after major hepatectomy with hepatic pedicle 

clamping? 

Regarding the first query we performed a detailed review of the clinical and 

pathological data of a cohort of patients undergoing hepatectomy for CRLM in our 

department. And in order to address the second interrogation we attempted to replicate a 

previously validated oxaliplatin-induced animal model of SOS. In this model we then 
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pursued to explore the potential contribution of mitochondrial dysfunction in the 

pathophysiology of chemotherapy-induced hepatotoxicity, in particular in the setting of 

major hepatectomy with hepatic pedicle clamping. 

 

II. Material and Methods 

 

A. Clinical study 

This study consisted of clinical and pathological review of patients undergoing 

liver resection for CRLM in Serviço de Cirurgia A/III of Hospitais da Univerdade de 

Coimbra, Centro Hospitalar e Universitário de Coimbra (Head of Department: Prof. 

Doutor Francisco Castro e Sousa, MD, PhD) between January 2010 and July 2013. 

Exclusion criteria were poor histological material and/or insufficient clinical 

information (Figure 3.2). The study was approved by the institution’s ethical committee 

and complied with the principles of the Declaration of Helsinki. 

Figure 3.2 - Study population and exclusion criteria in the clinical study 
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1. Study population 

The study included a total of 140 patients, 100 men and 40 women, with a mean 

age of 64±10 years (range 33-82); two thirds were older than 70 years. Twenty-seven 

(19%) patients suffered from diabetes mellitus. Primary tumor was located in the colon 

in 90 (64%) patients, in the rectum in 45 (32%) and in both sites in five (4%) patients. 

According to TNM classification, 91 (67%) patients were staged as node-positive (N+). 

Patients presented with a median of 2 liver metastases (range 1-16), with a mean 

diameter of 4.1±3.2cm (range 0.5-22) for the largest lesion. Sixty (43%) patients had a 

single nodule and 80 (57%) presented with multiple metastases. The location of the 

lesions was: right liver in 50 (36%) patients, left liver in 37 (26%) and bilobar in 53 

(38%).  

Clinical presentation of liver metastases was synchronous with the primary 

tumor in 74 (53%) patients and metachronous in 66 (47%). Among patients with 

synchronous disease, 12 (18.2%) underwent synchronous resection and in 54 (71.8%) 

the resection was metachronous: 44 underwent resection of the primary tumor before 

hepatectomy; while in 10 a “liver first” strategy was used; five of these were never 

operated on their primary lesion due to systemic tumor progression or major morbidity 

after hepatectomy. Furthermore, 26 (18.6%) cases were re-hepatectomies and 14 of 

those (10%) were two-stage hepatectomies, with an inter-stages median interval of 6 

weeks (range 3-27). 

 

2. Neoadjuvant chemotherapy 

NCT was administered in 70 patients (50%); the remaining 70 patients (50%) 

formed the non-neoadjuvant chemotherapy (Non-NCT) group. Sixty-three (90%) 

patients received one line of chemotherapy and seven (10%) two. Chemotherapy 

regimens included 5-FU monotherapy in two (3%) patients, FOLFIRI in 48 (72%) 

patients and FOLFOX in 21 (31%). Twenty-nine (43%) patients were also treated with 

bevacizumab and 19 (28%) with cetuximab. A mean of 10.7±5.5 cycles (range 2-24) 

were administered. Thirty-eight (56%) patients received long-duration chemotherapy 

(more than nine cycles) while 32 (44%) received short-duration treatment (one to eight 
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cycles). The interval between the end of NCT and hepatectomy was six weeks for 

patients treated with bevacizumab and four weeks for all other agents. 

 

3. Operative data 

Hepatectomies were mostly performed through bilateral subcostal incisions, 

with routine use of intraoperative ultrasonography. Parenchymal transection was 

performed with ultrasonic dissection with CUSA™ Ultrasonic Surgical Aspirator 

(Integra, Plainsboro, N. USA) or Kelly-clamp crush technique. Hepatic inflow 

occlusion was used only when deemed necessary and in an intermittent strategy (15 

minutes clamping with 5 minutes reperfusion) as previously reported [273]. Surgical 

procedures are summarized in Table 3.1. Minor resections were performed in 87 (62%) 

patients and major hepatectomy (resection of three or more Couinaud segments) in 53 

(38%). Three patients (2%) underwent laparoscopic hepatectomy. Nineteen patients 

underwent additional portal vein embolization or ligation. Two (1%) were also treated 

with radiofrequency ablation. A mean of 346.5±855 mL of red blood cells were 

administered (range 0-5850). Hepatic pedicle clamping was performed in 98 patients, 

for a mean time of 28.2±23.2 minutes (range 0-104). 

 

4. Postoperative course 

Aminotransferase levels (AST and ALT), bilirubin and INR were collected on 

postoperative days one, three, five and seven. The median hospital length of stay (LOS) 

was 7 days (range 3-71). Postoperative morbidity was defined and graded up to the 90
th

 

postoperative day, according to Dindo et al [280]. Patients grading IIIA or higher were 

further classified as major morbidity. Posthepatectomy liver failure (PHLF) was defined 

by the “50-50 criteria”, according to Balzan et al [165] and graded according to Rahbari 

et al [162]. Bile leakage and postoperative hemorrhage were defined and graded 

according to published consensus definitions [162,281]. Liver-specific morbidity was 

defined as any complication directly related to liver resection, namely PHLF, bile 

leakage, biliary stenosis, ascites, bleeding or intra-abdominal abscess.  
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Table 3.1 - Description of hepatectomies performed in the clinical study (N= 140 patients 
undergoing hepatectomy for colorectal cancer liver metastases) 

 N % 

Right Hepatectomy   

     Classic 21 15 

     Extended 6 4.3 

     Classic + Left Atypical Resections 5 3.6 

     Extended + Left Atypical Resections 1 0.7 

Left Hepatectomy   

     Classic 4 2.9 

     Extended 3 2.1 

     Classic + Right Atypical Resections 1 0.7 

     Extended + Right Atypical Resections 2 1.4 

Other anatomical resections   

     Segmentectomy 19 13.6 

     Bisegmentectomy 14 10 

     Trisegmentectomy 3 2.1 

Atypical resections   

     < 4 24 17.1 

     ≥ 4 9 6.4 

Other anatomical resections + Atypical resections 28 20 

 

 

5. Patient characteristics: chemotherapy vs. non-chemotherapy 

Comparing the NCT Group with Non-NCT Group, there were no significant 

differences regarding age, sex and comorbidities. However, both the number (4.04 vs. 

1.79, p<0.001) and diameter (4.63cm vs. 3.53cm, p=0.045) of hepatic lesions were 

higher in patients undergoing NCT. Also the proportion of cases with synchronous 

CRLM diagnosis (77.1% vs. 17.1%, p<0.001), major hepatectomies (48.6% vs. 27.1%, 

p=0.014) and two-stage hepatectomies (20% vs. 0%, p<0.001) was significantly larger 

in patients undergoing NCT when compared to those not treated with chemotherapy.  
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6. Pathological analysis 

Archive pathological material from each patient was reviewed. A sample of non-

tumoral liver parenchyma distant from the neoplasm (≥2cm) was examined and staining 

with hematoxylin and eosin (H&E), Masson’s trichrome and reticulin was conducted. 

The histopathologic review was performed by two experienced hepatobiliary 

pathologists, blinded to patients’ clinical data or outcome.  

SOS-related lesions (Figure 3.3) were classified as follows: sinusoidal dilation, 

according to Rubbia-Brandt et al [136]: absent, mild (centrilobular involvement limited 

to less than one-third of lobular area), moderate (centrilobular involvement up to two-

thirds of lobular area) and severe (complete lobular involvement); perisinusoidal 

hemorrhage, peliosis and necrosis: absent or present. Accordingly, we graded SOS as 

mild (in the presence of mild sinusoidal dilation without necrosis or peliosis) and 

moderate/severe (in the presence of mild sinusoidal dilation combined with necrosis, in 

the presence of moderate or severe sinusoidal dilation, or in the presence of peliosis). 

 

Figure 3.3 - Representative samples of histological findings in the non-tumour bearing parenchyma 
in the clinical study (N=140 patients undergoing hepatectomy for colorectal cancer liver metastases) 

(A) Ballooning degeneration, H&E, 400x; (B) Steatohepatitis, H&E, 200x; (C) Severe sinusoidal dilation with 

perisinusoidal hemorrhage, H&E, 100x; (D) Sinusoidal dilation, Masson’s trichrome, 40x. 
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SH-related lesions (Figure 3.3) were classified according to Kleiner et al [307] 

as follows: steatosis (0-3): 0 for absent (less than 5% of hepatocytes involved), 1 for 

mild (5 to 33%), 2 for moderate (33% to 66%) and 3 for severe (more than 66%); 

lobular inflammation (0-3): 0 for absent, 1 for mild (less than two foci per 200x field), 2 

for moderate (two to four foci per 200x field) and 3 for severe (more than 4 foci per 

200x field); ballooning degeneration (0-2): 0 for absent, 1 for mild (few cells) and 2 for 

moderate and severe (many cells). A score from 0 to 8 was calculated for every patient 

and used to classify SH as it follows: absent (less than 3 points), borderline SH (3 or 4 

points) and definite SH (more than 4 points) [307]. 

 

B. Experimental study 

1. Study animals 

Animals, 12 weeks old male Wistar rats (Rattus norvegicus) weighing 314 – 361 

g, were purchased from Charles Rivers (Charles Rivers, France). Upon arrival animals 

were allowed to acclimatize and were housed in 12-hours light-dark cycles, with 

controlled temperature and humidity, with unlimited access to food and water. The 

study protocol was approved by the Animal Ethics Committee of the Faculty of 

Medicine of the University of Coimbra and all animals received care according to 

institutional guidelines. 

 

2. Chemotherapy-induced liver injury model 

For the induction of SOS we replicated the FOLFOX model described by 

Robinson et al [148], with a slight reduction in dosage based on our preliminary 

exploratory work (unpublished data) and literature review [308]. Briefly, intraperitoneal 

injection of oxalipatin (4 mg/kg) or vehicle (5% dextrose) was followed two hours later 

by intraperitoneal 5-fluorouracil (25 mg/kg) or vehicle (0.9% NaCl). Doses were given 

every week, during four weeks. In the end of the week 5, surgical procedures were 

performed. Four animals in the chemotherapy group succumbed to purulent peritonitis 

and were excluded from the final analysis. 
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All drugs were obtained in the Pharmaceutics Department of Centro Hospitalar e 

Universitário de Coimbra. 

 

3. Surgical protocol 

The surgical procedure was similar to that previously described in the Methods 

section of Chapter II - “Mitochondrial Bioenergetics, Hepatic Pedicle Clamping and 

Posthepatectomy Liver Dysfunction”. In summary, under isoflurane anesthesia and after 

median laparotomy, a 70% hepatectomy with 30 minutes intermittent clamping (two 

periods of 15 minutes with 5-minute reperfusion) was performed, or sham procedure. 

Animals (n=12) were divided in four groups: 

 Group 1 (n= 3) were injected with vehicle only and underwent sham 

laparotomy, isolation of hepatic pedicle and gentle liver manipulation, with the 

abdomen open during 35 minutes; 

 Group 2 (n= 3) were  injected with vehicle only, underwent 70% hepatectomy 

with 30 minutes intermittent HPC; 

 Group 3 (n= 3) underwent FOLFOX injection and sham laparotomy, with 

isolation of hepatic pedicle and gentle liver manipulation, with the abdomen 

open during 35 minutes; 

 Group 4 (n= 3) underwent FOLFOX injection and 70% hepatectomy with 30 

minutes intermittent HPC. 

The abdomen was closed in all groups and the animals allowed to recover.  

Animals were sacrificed at 12h after the surgical procedure, by craniocervical 

dissociation. Blood was collected from the inferior vena cava, and remnant liver (in 

groups 2 and 4) and whole liver (in groups 1 and 3), was weighed and removed. 
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4. Mitochondrial bioenergetics 

a) Mitochondrial isolation 

Mitochondria were isolated in homogenization medium containing 250 mM 

sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4), 

0.5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 

and 0.1% fat-free bovine serum albumin, as previously described [69,276]. After 

homogenization of the minced blood-free hepatic tissue, the homogenate was 

centrifuged at 800 g for 10 min at 4º C. The supernatant was spun at 10,000 g for 10 

min at 4º C to pellet mitochondria, which were re-suspended in a final washing medium. 

EGTA and bovine serum albumin were omitted from the final washing medium, 

adjusted at pH 7.4. Protein content was determined by the biuret method calibrated with 

bovine serum albumin. 

 

b) Measurement of mitochondrial membrane potential 

Mitochondrial membrane potential was estimated using an ion-selective 

electrode to measure the distribution of tetraphenylphosphonium (TPP
+
). The voltage 

response of the TPP
+
 electrode to log (TPP

+
) was linear with a slope of 59 ± 1, in 

conformity with the Nernst equation. Reactions were carried out at 25º C, in a 

temperature-controlled water-jacketed chamber with magnetic stirring. Mitochondria (1 

mg) were suspended in 1 ml of standard respiratory medium (130 mM sucrose, 50 mM 

KCl, 5 mM MgCl2, 5mM KH2PO4, 50 µM ethylenediaminetetraacetic acid [EDTA], and 

5 mM HEPES [pH 7.4] and 2 µM rotenone supplemented with 3 µM TPP
+
). A matrix 

volume of 1.1 µl/mg protein was assumed. 

The measured parameters were: membrane potential (mV); depolarization (mV); 

lag phase (seconds); and repolarization (mV). Readings were recorded in duplicate. 

 

c) Measurement of oxygen consumption 

Oxygen consumption of isolated mitochondria was polarographically 

determinated with a Clark oxygen electrode (Oxygraph, Hansatech Instruments Ltd, 
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UK) as described [69]. Mitochondria (1 mg) were suspended under constant stirring, at 

25ºC, in 1.3 ml of standard respiratory medium (130 mM sucrose, 50 mM KCl, 5 mM 

MgCl2, 5mM KH2PO4, 50 µM EDTA, and 5 mM HEPES [pH 7.4] and 2 µM rotenone). 

State 3 respiration was induced by adding 200 nmol ADP. The oxygen consumption 

was also measured in the presence of 1 µM carbonylcyanide-p-

trifluoromethoxyphenylhydrazon. State 3 and Respiratory Control Ratio (RCR) were 

calculated according to Chance and Williams [277]. 

 

d) Measurement of production of reactive oxygen species 

Production of reactive oxygen species (ROS) was fluorometrically quantified 

using a PerkinElmer VICTOR3 plate-reader, at an excitation wavelength of 485 nm and 

an emission wavelength of 538 nm, respectively corresponding to the excitation and 

emission wavelengths of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) [309]. 

Isolated mitochondria (1 mg/mL) were suspended in standard respiratory medium and 

loaded with succinate 5 mM and H2DCFDA 50 μM (prepared in dimethyl sulfoxide 

DMSO) for 15 min at 25 °C. 200 μL of the mitochondrial suspension was loaded into a 

96-well plate and the fluorescence was monitored for 30 min to calculate the rate of 

ROS formation. The results were expressed as arbitrary relative fluorescence units. 

 

e) Measurement of the mitochondrial permeability transition 

Mitochondrial swelling was estimated by changes in light scattering, as 

monitored spectrophotometrically at 540 nm [310]. Reactions were carried out at 25 °C 

and measurement started with the addition of mitochondria (1 mg) to 2 mL of swelling 

medium (200 mM sucrose, 10 mM Tris–MOPS, 1 mM KH2PO4 and 10 μM EGTA pH 

7.4) supplemented with 5 mM succinate and 2 μM rotenone. After a brief period for the 

recording of basal absorbance, different amounts of Ca2+ were added and the resulting 

alterations in light scattering were registered. 
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5. Blood biochemistry 

Blood samples were processed in the laboratory for alanine aminotransferase 

(ALT), aspartate aminotransferase (AST) total bilirubin, gamma-glutamyltranspeptidase 

(GGT), International Normalized Ratio (INR), Tumour Necrosis Factor alpha (TNF-α) 

and glutamate dehydrogenase (GLDH). All analysis were performed with the Architect 

c System (Abbott Laboratories, USA). 

 

6. Histology 

Tissue samples analysis was performed on formalin-fixed paraffin-embedded 

tissue, using standard procedure: tissue samples were grossly inspected and sectioned, 

fixated in 4% formaldehyde, embedded in paraffin and cut in 4µm sections. 

Examination was performed on Haematoxylin and Eosin (H&E, Polysciences, Sakura 

Autostainer – Prisma 81D) stained slides observed in light microscope – Nikon Eclipse 

50i, and images obtained using a Nikon-Digital Sight DS-Fi1 camera. 

Sinusoidal obstruction syndrome (SOS) related lesions were classified according 

to Rubbia-Brandt et al: sinusoidal dilation – absent, mild (centrilobular involvement 

limited to less than one third of lobular area), moderate (centrilobular involvement up to 

two-thirds of lobular area) and severe (complete lobular involvement); perisinusoidal 

hemorrhage, peliosis and necrosis – absent or present.  

 

7. Electron Microscopy 

Liver biopsies were immediately fixated with glutaraldehyde (1.5% in 

cacodylate buffer 0.067 mol/L) and sliced in 1 mm
3
 blocks for transmission electron 

microscopy (TEM). Afterwards the samples were washed with cacodylate buffer 0.2 

mol/L and re-fixated in 1% osmium tetroxide in phosphate buffer for one hour. After 

being washed again in phosphate buffer, samples were ethanol-dehydrated and 

embedded in Epon. Ultra-thin sections (60 nm) were stained with uranyl and lead 

citrate. Samples were assessed by an experienced hepatobiliary and ultrastructural 

pathologist, blinded to the experimental groups. The following parameters were 
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investigated and graded as absent or present, according to Vreuls et al [311]: widening 

of the space of Disse; erythrocytes or blebs in the space of Disse; change in format of 

SEC’s; decrease in SEC’s organelles; intact cytoplasm of SEC’s; and enlarged 

mitochondria in hepatocytes. 

 

C. Statistical Analysis 

Normality of distribution of continuous variables was assessed with 

Kolmogorov-Smirnov and Shapiro-Wilk tests, when indicated. Unless otherwise 

indicated, continuous variables with normal distribution were presented as mean ± 

standard deviation (SD); and variables with non-normal distribution as median and 

interquartile range (IQR). Mean values were compared using Student’s t tests for 

variables with normal distribution and with Mann-Whitney U test for variables with 

non-normal distribution. Categorical variables were described by absolute and relative 

frequencies, and the distributions were compared using Chi squared tests. A two-sided p 

value of ≤0.05 was considered to indicate statistical significance. A binary logistic 

regression was conducted to examine the individual effect of each parameter on 

postoperative morbidity and mortality. SPSS™ (version 21.0, SPSS inc., Chicago, IL.) 

was used for statistical calculations. 

 

III. Results 

 

A. Clinical Study 

1. Postoperative morbidity and mortality 

Postoperative complications were present in 31 (22.1%) patients. Non-liver-

specific morbidity was reported in 7 (5%) patients. Liver-specific complications, were 

present in 25 (17.9%) patients: biloma or intra-abdominal abscess in seven patients, 

biliary fistula in five, biliary stenosis in two, liver hemorrhage in two, and PHLF in nine 

(6.4%) patients, of which two were grade A (1.4%), two were grade B (1.4%)  and five 
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grade C (3.6%). Twenty-one (15%) patients presented major morbidity. Six (4.3%) 

postoperative deaths were reported, five of which due to PHLF grade C. 

 

2. Prevalence and patterns of histologic liver injury 

In the study population, steatosis was present in 47 patients (34%), of which 15 

were moderate or severe steatosis (11%) and 23 steatohepatitis (16%). Sinusoidal 

dilation was present in approximately half of the study population, 73 patients (52%). 

Moderate or severe SOS was prevalent in 18 patients (13%), while peliosis was present 

in six (4%). 

 

3. Impact of neoadjuvant chemotherapy on liver injury 

Patients who underwent NCT showed a higher incidence of peliosis (25.7% vs. 

11.6%, OR 1.094, CI 95% 1.018-1.175, p=0.049) and moderate and severe SOS (21.4% 

vs. 4.3%, OR 6.091, CI 95% 1.677-22.124, p=0.004), when compared with the non-

NCT group. The chemotherapy agent (oxaliplatin or irinotecan) did not significantly 

correlate with any particular histological pattern. However, bevacizumab offered 

significant protection against severe and moderate SOS. Only three (10.3%) patients 

treated with bevacizumab presented with moderate and severe SOS, against 12 (31.6%) 

not treated with this agent (OR 0.25, CI 95% 0.063-0.991, p=0.045). Longer NCT 

(more than 9 cycles) was not associated with more liver injury. 

 

4. Impact of co-morbidities on liver injury  

Diabetic patients had significantly higher incidence of both steatosis (59.3% vs. 

27.4%, OR 3.848, CI 95% 1.609-9.200, p=0.003) and moderate and severe steatosis 

(25.9% vs. 7.1%, OR 4.594, CI 95% 1.497-14.099, p=0.01). However, there was a 

reduced risk for sinusoidal dilation (33.3% vs. 56.6%, OR 0.383, CI 95% 0.158-0.925, 

p=0.034). 
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5. Impact of neoadjuvant chemotherapy on morbidity and mortality 

A statistically significant association between the administration of NCT and 

postoperative complications or mortality was not found. Mean LOS was also similar 

between the two groups (NCT group 10.9±11.8 vs. non-NCT group 10.6±10.2, 

p=0.855). The number of NCT cycles did not correlate either with postoperative 

morbidity or mortality, or with a higher LOS (<9 cycles 12.0±13.3 vs. ≥9 cycles 

10.5±10.9, p=0.605). 

 

6. Impact of liver injury on morbidity and mortality 

 

Steatohepatitis-related lesions 

The impact of SH-related lesions on morbidity and mortality is shown in Table 

3.2. Steatosis reduced the risk of postoperative complications (10.6% vs. 28%, p=0.014) 

and major morbidity (6.4% vs. 19.4%, p=0.047). Moderate and severe steatosis related 

with the absence of postoperative complications (0% vs. 24.8%, p=0.019). The presence 

of SH reduced the incidence of overall morbidity (4.3% vs. 25.6%, p=0.016). 

 

SOS-lesions 

The impact of SOS-related lesions on morbidity and mortality is shown in Table 

3.2. The presence of sinusoidal dilation increased the risk of overall morbidity (31.5% 

vs. 12%, p=0.008), liver-specific complications (26% vs. 9%, p=0.014) and major 

morbidity (22% vs. 7.5%, p=0.019). Peliosis was a risk factor for PHLF (50% vs. 4.5%, 

p=0.003), major morbidity (50% vs. 12.9%, p=0.044) and mortality (50% vs. 2.2%, 

p=0.001). Patients with moderate and severe SOS had a higher incidence of 

postoperative complications (44.4% vs. 18.9%, p=0.029), PHLF (27.8% vs. 3.3%, 

p=0.002), liver-specific morbidity (38.9% vs. 14.8%, p=0.021), major complications 

(33.3% vs. 12.3%, p=0.031) and mortality (16.7% vs. 2.5%, p=0.028). 
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Table 3.2 - Impact of liver injury on morbidity and mortality (univariate analysis) in the clinical 
study (N= 140 patients undergoing hepatectomy for colorectal cancer liver metastases) 
PHLF – Posthepatectomy Liver Failure; CASH – Chemotherapy-Associated Steatohepatitis; SOS –Sinusoidal 

Obstruction Syndrome 
 

Morbidity 
Liver-specific 

Morbidity 
PHLF 

Major 

Morbidity 
Mortality 

Steatosis (n=47) 5 (10.6%) 4 (8.5%) 1 (2.1%) 3 (6.4%) 1 (2.1%) 

No Steatosis (n=93) 26 (28%) 21 (22.6%) 8 (8.6%) 18 (19.4%) 5 (5.4%) 

    OR 0.307 0.319 0.231 0.284 0.383 

    CI 95% 0.109-0.861 0.103-0.991 0.028-1.904 0.079-1.019 0.43-3.373 

    p 0.014 0.06 0.272 0.047 0.664 

Moderate and Severe 

Steatosis (n=15) 
0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Mild or No Steatosis 

(n=125) 
31 (24.8%) 25 (20%) 9 (7.2%) 21 (16.8%) 6 (4.8%) 

    OR 0.862 0.87 0.885 0.874 0.888 

    CI 95% 0.800-0.930 0.810-0.933 0.833-0.942 0.816-0.936 0.836-0.943 

    p 0.019 0.073 0.597 0.127 1 

CASH (n=23) 1 (4.3%) 1 (4.3%) 0 (0%) 1 (4.3%) 0 (0%) 

No CASH (n=117) 30 (25.6%) 24 (20.5%) 9 (7.7%) 20 (17%) 6 (5.1%) 

    OR 0.132 0.176 0.824 0.22 0.828 

    CI 95% 0.017-1.020 0.023-1.373 0.762-0.892 0.028-1.731 0.767-0.895 

    p 0.016 0.077 0.355 0.198 0.589 

Sinusoidal Dilation 

(n=73) 
23 (31.5%) 19 (26%) 7 (9.6%) 16 (22%) 4 (5.5%) 

No Sinusoidal Dilation 

(n=67) 
8 (12%) 6 (9%) 2 (3%) 5 (7.5%) 4 (6%) 

    OR 3.393 3.577 3.447 3.481 1.884 

    CI 95% 1.395-8.247 1.332-9.610 0.690-17.216 1.198-10.114 0.334-10.636 

    p 0.008 0.014 0.169 0.019 0.682 

Peliosis (n=6) 3 (50%) 3 (50%) 3 (50%) 3 (50%) 3 (50%) 

No Peliosis (n=134) 28 (20.9%) 22 (16.4%) 6 (4.5%) 18 (12.9%) 3 (2.2%) 

    OR 3.786 5.091 21.333 6.444 43.667 

    CI 95% 0.724-19.783 0.964-26.890 3.535-128.745 1.206-34.425 6.105-312.316 

    p 0.122 0.07 0.003 0.044 0.001 

Moderate and Severe 

SOS (n=18) 
8 (44.4%) 7 (38.9%) 5 (27.8%) 6 (33.3%) 3 (16.7%) 

Mild or No SOS (n=122) 23 (18.9%) 18 (14.8%) 4 (3.3%) 15 (12.3%) 3 (2.5%) 

    OR 3.443 3.677 11.346 3.567 7.933 

    CI 95% 1.224-9.689 1.259-10.736 2.704-47.608 1.165-10.921 1.467-42.909 

    p 0.029 0.021 0.002 0.031 0.028 
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However, patients with moderate and severe SOS underwent significantly more 

major hepatectomies (72.2% vs. 32.8%, OR 5.33, CI 95% 1.777-15.988, p=0.003) and 

longer periods of HPC (40.24±25.03 vs. 26.33±22.45, p=0.021). The number of nodules 

was also higher in the patients with moderate and severe SOS (4.17±3.808 vs. 

2.72±2.764, p=0.051). This prompted the performance of a multivariate analysis. 

 
 
Table 3.3 - Multivariate analysis of risk factors for postoperative morbidity in the clinical study (N= 
140 patients undergoing hepatectomy for colorectal cancer liver metastases) 
PHLF – Posthepatectomy Liver Failure; SOS – Sinusoidal Obstruction Syndrome; CASH – Chemotherapy-

Associated Steatohepatitis 

 

 
Morbidity 

Liver-specific 
Morbidity 

PHLF 
Major 

Morbidity 
Mortality 

Sinusoidal 
Dilation 

p 
OR 

CI 95% 

 
 

0.020 
3.884 

1.233-12.232 

 
 

0.016 
4.921 

1.346-17.995 

 

 

0.811 

0.751 

0.072-7.838 

 

 

0.056 

3.690 

0.968-14.072 

 

 

0.497 

0.383 

0.024-6.084 

Fibrosis 
p 

OR 
CI 95% 

 

0.317 

1.808 

0.567-5.736 

 

0.254 

2.046 

0.599-6.991 

 

0.606 

1.613 

0.262-9.946 

 

0.423 

1.731 

0.453-6.620 

 

0.199 

4.626 

0.447-47.850 

Moderate and 
Severe SOS 

p 
OR 

CI 95% 

 

 

0.848 

1.145 

0.286-4.592 

 

 

0.753 

0.791 

0.184-3.409 

 

 

0.141 

4.859 

0.593-39.817 

 

 

0.975 

0.975 

0.200-4.767 

 

 

0.586 

2.191 

0.130-37.005 

Steatosis 
p 

OR 
CI 95% 

 

0.393 

0.521 

0.117-2.325 

 

0.282 

0.377 

0.064-2.229 

 

0.915 

1.145 

0.095-13.753 

 

0.447 

0.499 

0.083-2.997 

 

0.965 

0.942 

0.065-13.589 

CASH 
p 

OR 
CI 95% 

 

0.307 

0.272 

0.022-3.301 

 

0.604 

0.494 

0.034-7.122 

 

0.998 

- 

- 

 

0.651 

0.539 

0.037-7.875 

 

0.998 

- 

- 

Hepatic Pedicle 
Clamping 

p 
OR 

CI 95% 

 

 

0.967 

0.976 

0.315-3.023 

 

 

0.894 

0.920 

0.270-3.130 

 

 

0.626 

0.636 

0.103-3.923 

 

 

0.513 

1.604 

0.389-6.624 

 

 

0.903 

1.162 

0.105-12.874 

Major 
Hepatectomy 

p 
OR 

CI 95% 

 

 

0.268 

1.747 

0.652-4.685 

 

 

0.093 

2.511 

0.859-7.345 

 

 

0.184 

3.333 

0.565-19.663 

 

 

0.086 

2.786 

0.863-8.992 

 

 

0.208 

4.541 

0.431-47.818 
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7. Multivariate analysis 

On multivariate analysis (Table 3.3) sinusoidal dilation was found to be an 

independent risk factor for postoperative morbidity, increasing almost four times the 

risk of overall complications (p=0.02, OR 3.884, CI 95% 1.233-12.232) and five times 

the risk of liver-specific complications (p=0.016, OR 4.921, CI 95% 1.346-17.995). 

However, no effect was found on the incidence of PHLF, major morbidity or mortality 

 

 

B. Experimental study 

1. Induction of sinusoidal obstruction syndrome with chemotherapy 

No significant effect of FOLFOX was observed on H&E, including sinusoidal 

dilation, hepatocellular necrosis or atrophy in chemotherapy-treated versus vehicle-

treated animals. There was also no widening or increased content in the space of Disse 

and no injury to endothelial cells on TEM. 

 

2. Effect of chemotherapy on mitochondrial energetics and structure  

Animals in groups 3 and 4 (chemotherapy-treated) presented longer time to re-

energize the mitochondrial membrane potential after complete phosphorylation of ADP 

into ATP (lag phase 13.4 ±1.9 seconds) versus animals in groups 1 and 2 (lag phase 

10.2 ±1.1 seconds) (p=0.012) (Figure 3.4).  

Increased-size mitochondria in hepatocytes were described more frequently on 

TEM in chemotherapy-treated animals (5 out of 6) versus control animals (1 out of 6) 

(p=0.021) (Figure 3.5). No statistically significant change was observed in the other 

bioenergetics variables, including radical oxygen species and mitochondrial 

permeability transition.  
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Figure 3.4 - Effect of chemotherapy on mitochondrial function in the experimental study (N= 12 
Wistar rats undergoing oxaliplatin and 5-fluorouracil or vehicle injection for four weeks) 

Animals treated with chemotherapy (groups 3 and 4) displayed a longer lag phase, i.e. the time to re-energize the 

mitochondrial membrane potential after complete phosphorylation of ADP into ATP (13.4 ±1.9 seconds) versus  

vehicle-treated animals (groups 1 and 2) (lag phase 10.2 ±1.1 seconds) (p=0.012) 

 

 

Figure 3.5 - Transmission electron microscopy in the experimental study (N= 12 Wistar rats 
undergoing oxaliplatin and 5-fluoruracil or vehicle injection for four weeks) 

A. Hepatocytes with normal-sized mitochondrial in the vehicle-treated animals (n=6) (white arrow) 

B. Hepatocytes with swelled mitochondria in the chemotherapy-treated animals (n=6) (white arrow) 
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3. Effect of hepatectomy with hepatic pedicle clamping on mitochondrial 
energetics and hepatocellular function 

Posthepatectomy liver mitochondrial function was slightly hampered. Animals 

in groups 2 and 4 demonstrated lower mitochondrial membrane potential (209.3 ±1.6 

mV) versus animals in groups 1 and 3 (211.7 ±1.5 mV) (p=0.045). Also glutamate 

dehydrogenase, a marker of mitochondrial dysfunction, was increased in groups 2 and 4 

taken together (134 miliunits/mL IQR 71 – 356) versus sham-operated animals (24.4 

miliunits/mL IQR 5 – 58) (p=0.033) (Figure 3.6).  

No statistically significant change was observed in the other bioenergetics 

variables, including radical oxygen species and mitochondrial permeability transition. 

 

Figure 3.6 - Noninvasive marker of mitochondrial dysfunction after hepatectomy with hepatic 
pedicle clamping in the experimental study (N= 12 Wistar rats undergoing oxaliplatin and 5-
fluorouracil or vehicle injection for four weeks) 

Glutamate dehydrogenase was increased in animals undergoing hepatectomy with hepatic pedicle clamping (groups 2 

and 4) taken together (134 miliunits/mL IQR 71 – 356) versus sham-operated animals (groups 1 and 3) (24.4 

miliunits/mL IQR 5 – 58) (* p=0.033) 

 

Hepatectomy with HPC was associated with increased markers of hepatocellular 

necrosis (ALT 1595 UI/L IQR 997 – 3652; AST 1810 IQR 1045 – 4190) versus sham-

operated animals (ALT 119 IQR 80 – 302; AST 275 IQR 249 – 944) (p=0.006 and 
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p=0.018, respectively). Also hepatocellular function was decreased in groups 2 and 4, 

with higher peak bilirubin (1.1 mg/dL IQR 0.4 – 1.7) than sham operated animals (0.14 

mg/dL IQR 0.1 – 0.17) (p=0.006) (Figure 3.7). No statistically significant difference in 

these markers was observed in chemotherapy-treated versus vehicle-treated animals, 

however. Furthermore, there was no statistically significant change in the levels of 

TNF-α in either group. 

 

4. Correlation of mitochondrial dysfunction with postoperative hepatocellular 
function 

In all the study animals mitochondrial membrane potential inversely correlated 

with ALT (r= -0.756; p=0.011) and AST (r= -0.770; p=0.009). Furthermore, GLDH 

strongly correlated with bilirubin levels (r=0.801; p=0.005).  

 

Figure 3.7 - Markers of hepatocellular function in the experimental study (N= 12 Wistar rats 
undergoing oxaliplatin and 5-fluoruracil or vehicle injection for four weeks) 

Peak serum bilirubin was higher (1.1 mg/dL IQR 0.4 – 1.7) in animals undergoing 70% hepatectomy with hpatic 

pedicle clamping (groups 2 and 4) versus sham operated animals (groups 1 and 3) (0.14 mg/dL IQR 0.1 – 0.17) 

(*p=0.006) 

 



Chemotherapy-Associated Liver Injury, Mitochondrial Dysfunction and Posthepatectomy Morbidity 

 

 

137 

 

IV. Discussion 

 

In this Chapter two distinct investigation questions were formulated. The first 

question concerned the association of CALI with posthepatectomy liver dysfunction, 

while the second question dwelled on the involvement of mitochondrial dysfunction in 

its pathogenesis.   

The impact of neoadjuvant chemotherapy on the liver parenchyma and 

associated posthepatectomy morbidity and mortality has been the subject of intense 

research. Previous studies have already established an association between NCT and 

liver injury, such as SOS and SH. [116,136,138,295,296] However, the impact of both 

the chemotherapy itself and the drug-induced liver lesions on postoperative morbidity 

remains controversial. These interrogations prompted a review of clinical and 

pathological data of patients undergoing hepatectomy for CRLM. 

In the clinical study we failed to confirm the deleterious effect of high number of 

cycles of NCT on postoperative morbidity. Other studies have proved a direct 

relationship between NCT and morbidity [133], while others have reported findings 

similar to our results [116,138]. The only prospective randomized trial of NCT reported 

a higher incidence of postoperative complications in patients that underwent NCT 

[130].  

We then investigated the patterns of liver injury and its consequences. Vauthey 

et al reported a higher incidence of SH in patients treated with irinotecan-based 

chemotherapy [116]. Reissfelder et al further confirmed this, but the type of NCT was 

not differentiated [312]. Steatosis was found in 34% and steatohepatitis in 16% of the 

study population but they were unrelated to chemotherapy in our study. Furthermore, 

unlike what is described by Vauthey et al [116], SH did not increase postoperative 

mortality. In fact, although the multivariate analysis failed to confirm it, both steatosis 

and SH were associated with decreased postoperative morbidity. Interestingly, Viganò 

et al had previously correlated steatosis with a better long-term prognosis [313].  

Sinusoidal dilation was the most prevalent pattern of injury, present in half of 

the patients, while moderate and severe SOS was present in 13% of patients. Univariate 
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analysis revealed that patients undergoing NCT had a higher incidence of sinusoidal 

dilation, peliosis and moderate and severe SOS. Rubbia-Brandt et al were the first to 

report an association between oxaliplatin-based NCT and sinusoidal dilation [295] and 

other studies have confirmed this fining [136,138,296].  However, we did not find a 

significant association of any NCT agent or combination with SOS. Nonetheless, 

bevacizumab-treated patients had a lower incidence of moderate and severe SOS 

(p=0.045). This protective effect of bevacizumab was first reported by Rubbia-Brandt et 

al [136] and was later confirmed in other studies [294,296]. Surprisingly, in our study, 

diabetic patients had lower incidence of sinusoidal dilation (p=0.034), even though the 

multivariate analysis failed to confirm this finding. To our knowledge, only one study 

has reported this finding before [314].  

SOS, formerly known as veno-occlusive disease or Stuart-Bras syndrome [137], 

is particularly relevant in liver surgery as it can increase perioperative bleeding [138], 

postoperative morbidity [138,141] and decrease tolerance to HPC [139]. It also lowers 

regenerative capacity, increases risk of postoperative liver failure [142] and can be 

associated with decreased overall survival [315]. However, there is still no consensual 

classification for SOS, as several lesions, such as sinusoidal dilation, perisinusoidal 

hemorrhage, fibrosis and nodular regenerative hyperplasia, are included in this broad 

spectrum.  

In our series SOS significantly increased postoperative morbidity. Nevertheless 

potential bias may have influenced this result, as patients with moderate and severe SOS 

had higher tumor load, underwent major hepatectomies more often and had longer 

periods of HPC. However, the multivariate analysis confirmed sinusoidal dilation as an 

independent major risk factor for overall morbidity (OR 3.884; p=0.02) and liver-

specific complications (OR 4.921; p=0.016). As such, the results of the present clinical 

study are in keeping with the previous reports of increased postoperative morbidity 

associated with SOS. However, a definitive association of SOS with PHLF, major 

morbidity or mortality was not demonstrated on multivariate analysis. This is also in 

agreement with a recently published meta-analysis and systematic review on the subject 

[306].  
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Having addressed the first investigation question, a thorough reflection on the 

pathophysiology of chemotherapy-induced SOS, as well as its effects on liver 

regeneration, are in order before addressing the second query. Sinusoidal endothelial 

cell injury plays a pivotal role in the pathogenesis of SOS, possibly due to glutathione 

depletion [137], emphasizing the potential role of oxidative stress [316,317]. Other 

putative mechanisms involved in the pathogenesis of SOS include disturbances in 

angiogenesis, coagulation, and cell adhesion. These are suggested by the protective role 

of aspirin and bevacizumab [136,296,318–320], which was also confirmed in our 

clinical study. Portal hypertension is also a common finding in SOS, as is reflected by 

an increase in spleen size and decreased platelet count [297,303].  

Current knowledge on the pathophysiology of SOS largely relies on the work of 

DeLeve et al. The authors developed the cardinal experimental model of SOS after 

exposure to the pyrrolizidine alkaloid monocrotaline (MCT), replicating the histologic 

and ultrastructural findings of the disease, including SEC injury and detachment, as well 

as destruction of the sinusoidal wall [321]. Injury progression leads to formation of gaps 

in the sinusoidal membrane, leakage of blood cells into the space of Disse, 

hepatocellular necrosis and deposition of extracellular matrix.  Similar findings on TEM 

were also observed by Vreus et al in human samples [311]. 

In attempts to investigate the clinical consequences of SOS in liver surgery, 

several studies have confirmed that MCT-induced SOS decreases liver regeneration, 

hampers liver function and increases susceptibility to ischemia-reperfusion injury in 

animal models of major hepatectomy with or without hepatic pedicle clamping 

[147,322].   

However, experimental evidence for a direct deleterious effect of chemotherapy 

on liver regeneration is conflicting. Rickenbacher et al investigated the effect of 

exposure to different chemotherapy regimens on liver regeneration after 75% 

hepatectomy in C57BL/6 mice [323]. After administration on five consecutive days of 

several chemotherapy combinations (including FOLFIRI and FOLFOX), animals 

underwent 75% hepatectomy and regeneration was assessed with PCNA and Ki-67. No 

deleterious effect of chemotherapy was noted and the authors concluded that 

chemotherapy had no toxic effect on liver regeneration after major hepatectomy. 
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Another study reported different findings after single dose injection of oxaliplatin, 

oxaliplatin plus 5-FU and bevacizumab, followed three days later by 70% hepatectomy. 

The authors report a decrease in bromodeoxyuridine positive nuclei and liver regrowth 

ratio [324]. These results must be interpreted with caution, however. Of note, no 

histological injury was present, possibly due to the short-term exposure to the drugs. 

Also, in these studies hepatectomy was performed without hepatic pedicle clamping, a 

known co-factor in hepatocellular injury. 

Furthermore, all the aforementioned hepatotoxicity models rely on acute 

exposure and acute toxic effects, unlike what is witnessed in the clinical setting with 

chemotherapy-associated liver injury, in which longer exposure is the rule. A major 

breakthrough in this field was provided by Robinson et al, with the publication of a  

murine model of oxaliplatin-induced SOS [148]. The authors injected C57Bl/6 mice for 

five weeks with oxaliplatin and 5-FU and describe mild sinusoidal dilation, SEC 

disruption and glutathione depletion. As such, we decided to use this model, with slight 

modifications based on our preliminary works, especially in dose adjustment for 

decreased mortality (unpublished data), and on literature review [308]. 

Although most chronic liver diseases are associated with some degree of 

mitochondrial dysfunction [54], this remains unproven in CALI and SOS. However, this 

link is suggested by indirect data. As reviewed in Chapter I - “Mitochondria and Liver 

Regeneration: Review of the Role of Energy Metabolism in the Pathophysiology of 

Posthepatectomy Liver Failure”, oxaliplatin is directly toxic to mitochondria and can 

hamper cellular respiration.  A link with mitochondrial toxicity is also suggested by 

another study of Robinson et al [325]. The authors describe an association of increased 

expression of copper transporter ATP7B in tissue resistance to oxaliplatin. This is easily 

explained as copper metabolism parallels that of platinum compounds [326]. 

Intriguingly, defects of ATP7B have been linked to decreased copper excretion and to a 

Wilson’s disease-like phenotype in animal models, characterized by mitochondrial 

dysfunction and acute liver dysfunction [327]. Finally, Kim et al noticed an increase in 

glucose uptake on 18F-fluorodeoxyglucose positron emission tomography in the liver 

parenchyma in patients with SOS after platinum-based chemotherapy [328]. This could 

suggest an increase in the glycolytic pathway for the production of energy, to which 

healthy liver cells only resort in the setting of failure of mitochondrial oxidative 



Chemotherapy-Associated Liver Injury, Mitochondrial Dysfunction and Posthepatectomy Morbidity 

 

 

141 

 

phosphorylation [329]. One of the putative mechanisms of oxaliplatin-induced 

mitochondrial injury is damage to mitochondrial DNA (MtDNA). Oxaliplatin forms 

DNA adducts and MtDNA lacks protective histones and is more susceptible to damage 

than the nuclear genome [31]. Since MtDNA contains 13 genes that code for important 

protein subunits of the electron transport chain, hampered cellular bioenergetics could 

be an early event in oxaliplatin-toxicity.  

Another possible pathway for bioenergetics derangement in SOS is through 

disturbances in microcirculatory flow caused by the SEC injury and detachment. This 

could lead to decreased hepatic oxygen delivery and subsequent energetic dysfunction 

of liver cells [330]. In fact, an increased collagen deposition in the space of Disse is a 

hallmark of SOS, causing sinusoidal capillarization, a finding noted by Narita et al to be 

associated with decreased indocyanine green excretion [331]. And Jafari et al describe a 

decrease in parenchymal oxygenation in rats with MCT-induced SOS [322].  

Whether by direct mitochondrial toxicity or by decreased parenchymal 

oxygenation, bioenergetics derangement in SOS is a definite possibility. This postulate 

led us to seek the answer for the second research question in this Chapter by performing 

an experimental study using the Robinson et al FOLFOX-induced model. In this study, 

we were able to demonstrate a modest yet significant effect of oxaliplatin on liver 

energy metabolism. Mitochondrial lag phase, i.e. the time needed to repolarize the 

mitochondrial membrane potential after complete ADP phosphorylation, was 

significantly longer in chemotherapy-treated animals. This could result from a selective 

impairment of the Adenine Nucleotide Translocator (ANT), the transmembrane 

complex that exchanges ADP for ATP. Interaction with the ANT carrier has already 

been described in isolated mitochondrial models of xenobiotic toxicity and DILI 

[332,333]. ANT is also a component of the mitochondrial permeability transition (MPT) 

pore, a non-selective channel in the mitochondrial outer membrane. The MPT causes 

mitochondrial swelling and allows the leakage of protons, with subsequent delayed 

phosphorylation and reduced energy efficiency. Cytochrome c is also released into the 

cytoplasm, activating the caspase-3 cell death pathway [33]. In fact we observed an 

increase in mitochondria size on TEM in chemotherapy-treated animals, suggesting 

mitochondrial swelling and the development of MPT. 
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However, chemotherapy-treated animals did not present any relevant curtailment 

of liver function, nor increased markers of hepatocellular necrosis. Also of note was the 

absence of an increased production of ROS, which is in apparent contradiction with the 

previous reports of oxidative stress  in the pathogenesis of oxaliplatin toxicity [316].  

Furthermore, sinusoidal dilation and SEC injury, the histologic hallmarks of 

SOS, were not replicated in the chemotherapy-treated group. And neither TEM was able 

to display more subtle ultrastructural changes in SEC’s. The absence of significant 

parenchymal damage on histology suggests that microcirculatory derangement is a less 

important contributory factor and could be an argument for direct mitochondrial toxicity 

of oxaliplatin, but this remains unproven. Furthermore, a detailed analysis of the 

Robinson et al models reveals that the authors only reported mild sinusoidal dilation in 

their FOLFOX-model, unlike the MCT model where the complete pathologic spectrum 

of SOS is found. And very recently, Lentschener et al have reported that they too were 

unable to replicate Robinson’s FOLFOX-induced SOS model [334]. Further 

investigation in this arena is obviously needed. 

Other significant findings emerge from the experimental study. In our model 

hepatectomy with HPC was associated with worse mitochondrial membrane potential. 

This is congruent with our previous results, both in the clinical and experimental setting, 

whereby HPC was associated with a derangement of mitochondrial oxidative 

phosphorylation (see Chapter II - “Mitochondrial Bioenergetics, Hepatic Pedicle 

Clamping and Posthepatectomy Liver Dysfunction”). Also in keeping with our previous 

clinical study [19], there was a strong and significant correlation between mitochondrial 

dysfunction and posthepatectomy levels of ALT and AST. Although aminotransferases 

are not a surrogate marker of outcome, they are a sensitive marker of hepatocellular 

ischemic injury and necrosis [288]. And interestingly, there was a very strong and 

highly significant correlation between glutamate dehydrogenase, a non-invasive marker 

of mitochondrial dysfunction, and bilirubin, one of the most clinically useful markers of 

posthepatectomy liver function. We postulate that GLDH could become a sensitive and 

specific marker of posthepatectomy liver outcome, much as it is in the setting of drug-

induced liver injury [187] (see also Chapter I – “Mitochondria and Liver 

Regeneration: Review of the Role of Energy Metabolism in the Pathophysiology of 

Posthepatectomy Liver Failure”). 
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In conclusion, although preoperative chemotherapy is a powerful tool for the 

multidisciplinary management of CRLM, it can also severely injure the liver 

parenchyma. In keeping with other reports, steatosis was not associated with increased 

morbidity and sinusoidal injury was the prevalent histologic pattern. In fact, severe 

sinusoidal injury was associated with an increased incidence of PHLF and SOS was an 

independent risk factor for liver-specific morbidity. Whether because of sinusoidal 

endothelial cell injury and subsequent disturbance of microcirculatory flow, or by direct 

mitochondrial toxicity of oxaliplatin, bioenergetics failure possibly plays a key role in 

the hepatocellular dysfunction and morbidity associated with hepatectomy in SOS. 

Meanwhile, in the clinical setting preoperative identification of patients with 

established SOS is of paramount importance, since surgical strategy could be modified 

accordingly. In fact, a higher threshold for future liver remnant volume in CALI has 

been put forward by Narita et al [140] and is an argument for the use of parenchymal 

modulating therapies, such as portal vein embolization. And ultimately, advances in 

pharmacogenomics could allow targeted selection of chemotherapeutic agents, 

maximizing its effect while minimizing toxicity [335]. 

Although there is a suggestion for the definite involvement of mitochondrial 

dysfunction in the pathogenesis of CALI-induced posthepatectomy morbidity, many 

questions remain unanswered, especially regarding the exact molecular mechanisms of 

oxaliplatin-induced injury. Furthermore, the intriguing observation of decreased 

prevalence of SOS in diabetic patient cannot be easily explained and merits further 

investigation. 

Given the diverse and complex putative pathways involved, the pathophysiology 

of SOS remains elusive. While hepatocyte and SEC co-cultures could provide the ideal 

experimental model to investigate the role of energy metabolism in CALI [336,337], 

further research will hopefully shed light on this complex liver disorder, as well as on 

its consequences on the liver’s response to surgical aggression. 
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I. Introduction 

 

Liver resection is only limited by the capacity of the liver to recuperate lost 

mass, which is dependent upon the size and quality of the future liver remnant (FLR) 

[7]. The Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy, 

or ALPPS, is a recently developed two-stage procedure that allows the performance of 

extended resections while significantly increasing the volume of the FLR between 

stages in an otherwise unresectable patient [249]. However, it is also associated with 

increased morbidity and up to 12% mortality rate; mostly due to Posthepatectomy Liver 

Failure (PHLF) [338,339]. In order to decrease complication rates variations on the 

technique have been developed, with decreased parenchymal transection in the first 

stage and longer inter-stages interval [340,341]. The ALPPS procedure induces a strong 

and swift growth of the FLR [249] but static volumetric criteria per se are probably not 

enough to guarantee adequate function [340,342]. The Kinetic Growth Rate (KGR), the 

percentage volumetric increase of the FLR per unit of time, has emerged as a sensitive 

marker of adequate liver function after portal vein embolization (PVE) or ALPPS 

[267,343].  

The remarkably rapid regenerative response of ALPPS is characterized by a 

greatly enhanced proliferative index [251]. Since liver regeneration is a highly energy-

dependent process [43], the ALPPS procedure probably relies on important metabolic 

adaptation of hepatocytes in order to sustain the immense energy requirements. 

Mitochondria are the powerhouse of eukaryote cells, hosting the electron 

transport chain (ETC), the final common pathway for production of adenosine 

triphosphate (ATP). In the presence of oxygen, the ETC pumps protons from the 

mitochondrial matrix into the inter-membrane space, creating an electro-chemical 

gradient. The return of protons to the mitochondrial matrix is coupled to ATP synthesis 

by the F1F0 ATP-synthase. Moreover, mitochondria are key players in the cell death 

[33]. Mitochondrial dysfunction can cause necrotic cell death due to energetic failure; or 



Chapter IV 

 

148 

 

apoptotic cell death due to membrane permeabilization, release of cytochrome c into the 

cytoplasm and activation of Bax-mediated programmed cell death. 

Mitochondrial function is an important factor in the liver’s response to resection, 

providing the energy required for cell growth, division and maintenance of 

hepatocellular function [43,52,40]. Furthermore, intraoperative mitochondrial 

bioenergetics has been shown to correlate with posthepatectomy liver function [19]. The 

mitochondrial enzymatic machinery, including ETC enzymes such as cytochrome 

oxidase (COX) depends on the coordinated transcription of the nuclear and 

mitochondrial genome, which is regulated by several transcription factors, such as 

peroxisome proliferator-activated receptor-γ coactivator (PGC-1α) [34]. Mitochondrial 

membrane potential and respiration can be measured in biopsy samples and are 

excellent indicators of cellular energy homeostasis [270,271]. 

However, the metabolic and energetic adaptations of the FLR during two-stage 

hepatectomy, and particularly the ALPPS procedure, have not been investigated up to 

this day. Expanded knowledge on this field could pave the way for the discovery of 

novel markers of liver metabolic capacity, accurately staging tolerance to extended 

resection. And energetic conditioning of the liver parenchyma by pharmacologic 

modulation of mitochondrial function [20] could potentially decrease morbidity and 

mortality associated with the ALPPS procedure.  

The main objectives pursued in this Chapter are: 

1. To assess bioenergetics parameters in ALPPS patients and compare findings in 

stage 1 with matched controls undergoing minor atypical hepatectomies; and 

findings in stage 2 with matched patients undergoing  major hepatectomy; 

2. To correlate clinical and volumetric data in ALPPS patients with liver metabolic 

status; 

3. To investigate the biological mechanisms associated with the regenerative 

response in the ALPPS procedure, in particular protein content and expression 

of genes associated with liver regeneration, energy metabolism and apoptosis. 
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II. Patients and Methods 

 

Consecutive patients undergoing the ALPPS procedure and matched patients 

undergoing minor (miHp) and major hepatectomy (MaHp) in our department between 

September 2015 and September 2016 were included. Institutional ethics committee 

approved the study and informed consent was obtained from each patient. 

Decision for resection was discussed in a multidisciplinary setting and patients 

were eligible for ALPPS if they had: good performance status; multiple bilobar 

metastases not amenable to one-stage parenchymal-sparing resection; adequate response 

to neoadjuvant chemotherapy; no extra-hepatic disease with the exception of resectable 

lung metastases; and a predicted FLR volume under 30% of the total standardized liver 

volume; or under 37.5% in patients with more than six cycles of chemotherapy, as 

reported by Narita et al [140].  

 

A. Study population: ALPPS group 

Study population (ALPPS group) consisted of five patients, three male and two 

female, with a median age of 59 years (interquartile range IQR 55–68). All patients had 

colorectal cancer liver metastases (CRLM), with a median number of eight nodules 

(IQR 6.5–12.5) and a median size of 44 mm (IQR 28.5–62.5) for the largest lesion. 

Preoperative chemotherapy was performed in all cases, with a median number of 14 

cycles (IQR 6–15). Clinical variables of the ALPPS group are detailed in Table 4.1. 

 

B. Operative procedures 

Our department’s operative technique for liver resection has been previously 

described [115,273] and we chose a partial ALPPS technique, according to a 

modification proposed by Linecker et al [341]. First-stage ALPPS (T1) consisted of 

atypical, parenchymal-sparing resections of liver metastases in the FLR, contralateral 

portal vein ligation (PVL) and limited (up to 50%) parenchymal transection along the 
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future line of division. Four cases underwent left FLR clearance and right PVL; and one 

patient underwent right posterior section FLR clearance and left PVL. A median 

number of three nodules (IQR 2-4) were resected in T1. 

After a median time of 21 days (IQR 14–28), ALPPS patients underwent 

extended hepatectomy (stage 2, or T2): right extended to segment 4 in four cases; and 

left extended to segments 5 and 8 in one case.  

Hepatic pedicle clamping (HPC), used only when deemed necessary (in an 

intermittent strategy of 15 minutes clamping with 5 minutes reperfusion), was 

performed for a shorter median time of 16 minutes (IQR 0–31) in T1 versus T2 (41 

minutes IQR 19–45.5) (p=0.038). No transfusion was required in T1, while a median 

volume of packed red blood cells of 560 mL (IQR 0-1000) was transfused in T2. 

 

C. Control groups: Minor and Major hepatectomy  

Patients with CRLM scheduled to go one-stage parenchymal-conservative 

surgery served as matched controls for ALLPS T1 in the minor hepatectomy group 

(miHp group). And patients scheduled to undergo one-stage major hepatectomy (MaHp 

group) served as matched controls for ALPPS T2.  

There were no significant differences in age, sex, biometric data or exposure to 

preoperative chemotherapy between the ALPPS and both control groups. The size of the 

largest nodule was larger in the ALPPS group but this was not statistically significant. 

As expected, ALLPS patients had a higher number of metastases, 8 (IQR 6.5–12.5), 

versus 3 (IQR 2–10) in the miHp group and 4 (IQR 2.5–5) in the MaHp group 

(p=0.009).  

Operative technique was similar in ALPPS and controls, with the obvious 

exception of not performing PVL or parenchymal transection in miHp. There was also 

an expected difference in the volume of the FLR in the ALPPS group versus the MaHp, 

statistically significant before T1 (p=0.047) but barely significant before T2 (p=0.075).  
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Table 4.1 - Study population (n=5 patients undergoing ALPPS) and controls (n=10 patients 
undergoing minor and major hepatectomies) 
Clinical and operative characteristics of cases (patients undergoing Associating Liver Partition and Portal Vein 

Ligation for Staged Hepatectomy - ALPPS) (n=5) and both control populations: patients undergoing minor (miHp 

n=5) and major hepatectomy (MaHp n=5). Continuous variables are presented as median and interquartile range. 

 
 ALPPS 

n= 5 
Minor hepatectomy 

n= 5 
Major hepatectomy 

n= 5 
p 

Age (years) 59 (55 – 68) 59 (54 – 64) 58 (53 – 66) 0.671 

Sex M/F 3 / 2 4/1 3 / 2 0.490 

Diabetes mellitus Y/N 1 / 4 1/4 2 / 3 0.490 

Body Mass Index (kg.m-2) 24 (20.5 – 26.7) 24.2 (21.2 – 26) 27.6 (22.6 – 33.3) 0.251 

Preoperative chemotherapy 5 (100%) 5 (100%) 5 (100%) 0.565 

 Irinotecan-based 4 3 3  

 Oxaliplatinum-based 1 2 1  

 Capecitabine 0 0 1  

Number of cycles 14 (6 – 15) 9 (6 – 17) 9 (5.5 – 12) 0.292 

Non-tumoral parenchyma    0.565 

 Normal 4 4 3  

 Mild sinusoidal dilation 1 0 2  

 Mild steatosis 0 1 0  

Number of nodules 8 (6.5 – 12.5) 3 (2 – 10) 4 (2.5 – 5) 0.009 

Size of largest nodule (mm) 44 (28.5 – 62.5) 30 (21 – 45) 30 (21 – 44) 0.295 

Number of nodules resected     

 T1 3 (2 – 4) 3 (2 – 10) - 0.690 

 T2 5 (4 – 9) - 4 (2.5 – 5) 0.310 

Hepatic pedicle clamping time (minutes)     

 T1 16 (0 – 31) 25 (17 – 62) - 0.463 

 T2 41 (19 –  45.5) - 44 (15.5 – 61.5) 0.673 

Blood transfusion (mL)     

 T1 0 0 - 1 

 T2 560 (0 – 1000) - 480 (0 – 1100) 0.9 

Future liver remnant volume (cm3)    

721 (516 – 912) 

 

 Before ALPPS T1 330 (250 – 500) - 0.047 

 Before ALPPS T2 450 (350 – 610) - 0.075 

Standardized Future Liver Remnant (%)    

49.8 (37.7 – 56.1) 

 

 Before ALPPS T1 26 (20 – 37) - 0.05 

 Before ALPPS T2 36 (28 – 45) - 0.076 
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Other variables, including number of resected lesions, duration of hepatic 

pedicle clamping (also used in an intermittent strategy) and intraoperative transfusion 

were all similar between ALPPS T1 and miHp group and ALPPS T2 and MaHp. 

Clinical, pathologic and operative variables are detailed in Table 4.1. 

 

D. Volumetric and functional analysis 

Volumetric analysis was performed using an imaging processing software 

(Osirix, Pixmeo, Geneva, Switzerland) on contrast-enhanced computed tomography 

(CECT) before and at a median time of 8 days (IQR 7-12)  after T1. Standardized future 

liver remnant volume (sFLR) and Kinetic Growth Rate (KGR) were calculated 

according previous studies [267,343,344]. Growth rate (GR) was defined as the volume 

increase (in cm
3
) divided by the number of days between T1 and the volumetric 

assessment with CT. The body surface area was calculated according to Mosteller [345].  

Indocyanine green (ICG) clearance was assessed before T2, with a median 

retention rate of 5.2% (IQR 2.4-7.8) at 15 minutes. 

Volumetric analysis for the MaHp group consisted of measurement of the 

volume of the FLR on the basis of the most recent preoperative CECT and calculation 

of the standardized future liver remnant volume (sFLR) with the same method as above. 

Because of the one-stage procedure no KGR was calculated in the MaHp group. 

 

E. Collection of biopsies 

Biopsies were performed in the FLR at two time-points: biopsy A, collected at 

the beginning of the procedure; and biopsy B, collected at the end of the procedure, 

immediately after the last period of clamping. One pair of biopsies was performed for 

each ALPPS patient during T1 and another pair during T2. Both miHp and MaHp 

patients had one pair of intraoperative biopsies. Thus, a total of 40 liver biopsies were 

collected from 15 patients.  
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Samples were immediately placed in 4° C preservation solution (sucrose 250 

mM, ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid [EGTA] 0,5 

mM, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES] 10 mM, pH 7.4, 

bovine serum albumin [BSA 1%]) and immediately transported to the laboratory for 

mitochondrial fraction isolation and function tests. In ALPPS patients another sample 

was frozen at –80º C for assessment of gene expression and protein content. 

 

1. Mitochondrial isolation, measurement of mitochondrial membrane potential 

and oxygen consumption 

Mitochondria were isolated and membrane potential was estimated using an ion-

selective electrode to measure the distribution of tetraphenylphosphonium (TPP
+
) 

according to our previous work [19]. The measured parameters were: membrane 

potential (mV); depolarization (mV); lag phase (seconds); and repolarization (mV) 

(Figure 4.1.A). Values for baseline sample (biopsy A) and end of surgery sample 

(biopsy B) were obtained and the difference was calculated as the value in sample B 

minus the value in sample A.  

Oxygen consumption of isolated mitochondria was polarographically 

determinated with a Clark oxygen electrode (Oxygraph, Hansatech Instruments Ltd, 

UK), also according to our previous work [19]. State 3 and Respiratory Control Ratio 

(RCR) were calculated according to Chance and Williams [277]. Initial and final values 

of RCR were obtained and the difference calculated, as above. 

 

2. Gene expression 

Ribonucleic acid (RNA) was isolated from flash-frozen liver samples from 

ALPPS patients with Aurum™ Total RNA Mini Kit (Bio-Rad, Hercules, CA. USA), 

according to the manufacturers’ instructions. Total RNA yield was quantified with a 

Nanodrop instrument (Thermo Scientific, Waltham, MA. USA) and complementary 

DNA was produced using 1 µg of RNA with a iScript cDNA Synthesis Kit (Bio-Rad). 

Gene expression was evaluated by real-time Polymerase Chain Reaction (PCR) with 
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Sybr Green Supermix (Bio-Rad) in a C-1000 Touch CFX 96 Real-Time System 

equipment (Bio-Rad). Primers for the following genes were used: Signal Transducer 

and Activator of Transcription 3 (STAT3); Augmenter of Liver Regeneration (ALR); 

Cyclin D1; Hepatocyte Growth Factor (HGF); Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α); Mitochondrial transcription factor A 

(TFAM); cytochrome oxidase subunit I (COX1); cytochrome oxidase subunit IV 

(COX4); small heterodimer partner (SHP); Sirtuin 1 (SirT1); and nicotinamide 

phosphoribosyltransferase (Nampt). The relative expression of each gene was 

normalized to the expression of I. 

All primers were designed using the Primer3™ (Thermo Fisher) on-line 

software tool and validated using the National Center for Biotechnology Information 

(NCBI) Basic Local Alignment Search Tool (BLAST). Primers were ordered from 

Thermo Fisher. Primer sequences are listed in Table 4.2. Data were presented as a ratio 

of content in biopsy B to basal expression in time-point A at each stage. 

 

3. Measurement of protein content 

Tissue homogenates were lysed in ice-cold RIPA lysis buffer (Sigma-Aldrich, 

MO. USA) supplemented with a cocktail of protease inhibitors. 50 µg of protein were 

loaded and electrophoresed on SDS-polyacrylamide gel and transferred to a 

polyvinylidene difluoride membrane. Membranes were blocked with 5% non-fat milk 

and incubated with anti-COX I (1:1000), anti-PGC-1α (1:100), anti-TFAM (1:2000), 

anti-NAMPT (1:1000), anti-SIRT1 (1:1000), anti-phospho-Sirtuin 3 (SIRT3) (1:500) or 

anti-BAX (1:1000), overnight at 4ºC. Immunodetection was performed with 

WesternDot 625 goat anti-rabbit or goat anti-mouse western blot kits. Membranes were 

imaged using a Versa Doc 3000 and the densitometry analysis was performed with the 

Image J software. 
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Table 4.2 - Primers used and corresponding nucleotide sequences for Real-Time Polymerase Chain 
Reaction (PCR) analysis of gene expression in ALPPS patients (n=5) on both stages 

ALR/GFER: Augmenter of Liver Regeneration; COX1: cytochrome oxidase subunit I; COX4: cytochrome oxidase 

subunit IV; HGF: Hepatocyte Growth Factor; Nampt: nicotinamide phosphoribosyltransferase; PGC-1α: Peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha; SHP: small heterodimer partner; SirT1: Sirtuin 1; STAT3: 

Signal Transducer and Activator of Transcription 3; TFAM: Mitochondrial transcription factor A 

 

Gene Upper Lower 

ALR/GFER  GGTGAGAGTGAGCCAGGAAC TCCAAACCCGCCAAGAACTT 

COX1  ACG TTG TAG CCC ACT TCC AC CAT CGG GGT AGT CCG AGT AA 

COX4  GCC ATG TTC TTC ATC GGT TT TCA TGT CCA GCA TCC TCT TG 

Cyclin D1 GGCGGAGGAGAACAAACAGA TGTGAGGCGGTAGTAGGACA 

HGF  CAATGCCTCTGGTTCCCCTT CAGGGCTGACATTTGATGCC 

Nampt TCT TCA AGG ACC CAG TTG CT TGA TGT GCT GCT TCC AGT TC 

PGC-1α  CCT TGC AGC ACA AGA AAA CA CTG CTT CGT CGT CAA AAA CA 

SHP   GGA ATA TGC CTG CCT GAA AG CTC CAA TGA TAG GGC GAA AG 

SirT1    GCA GAT TAG TAG GCG GCT TG TCT GGC ATG TCC CAC TAT CA 

STAT3 TGGCACTTGTAATGGCGTCT GTGTTCCCATACGCACAGGA 

TFAM     CCG AGG TGG TTT TCA TCT GT ACG CTG GGC AAT TCT TCT AA 

18S   AAC GGC TAC CAC ATC CAA TTT TCG TCA CTA CCT CCC 
 

 

 

F. Postoperative serum biochemistry 

Arterial lactate was measured every six hours in the first 24 hours. Standard 

biochemical determinations of International Normalized Ratio (INR), total bilirubin, 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were performed 

every day until discharge. Arterial lactate clearance was calculated according to Wu et 

al [279]. In ALPPS patients glutamate dehydrogenase (GLDH) was assessed on 

postoperative days 1, 2 and 3 with a GLDH assay kit (Sigma-Aldrich) on Enzyme 

Linked Immunosorbent Assay.  
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G. Postoperative liver function and clinical course 

Patients were extubated in the operating room and admitted to the surgical 

intensive care unit. Postoperative morbidity was defined and graded according to Dindo 

et al up to the 90
th

 postoperative day [280]. Posthepatectomy liver failure (PHLF), was 

defined according to the “50-50” criteria [165] and graded by International Study Group 

of Liver Surgery (ISGLS) consensus definition [162]. Bile leakage was defined by the 

ISGLS definition [281].  

 

H. Statistical analysis 

Normality of distribution was confirmed with the Shapiro-Wilk test. All 

continuous variables were presented as mean ± standard deviation (SD) (if normally 

distributed) or median and interquartile range (IQR). Continuous variables with normal 

distribution were compared with two-tailed Student t test. Variables with non-normal 

distribution with the two-tailed Mann-Whitney U test. Categorical variables were 

compared with Chi-square test. Linear correlation between continuous variables was 

assessed with Pearson coefficient. Statistical analysis was performed using SPSS™ 

(version 21.0, SPSS inc., Chicago, IL. USA). Significance was considered when p ≤ 

0.05 and a statistical trend with p ≤ 0.1. 

 

III. Results 

 

A. Clinical outcome and volumetric growth 

There was no morbidity in the ALPPS group after T1. After T2, one patient 

(20%) developed grade A bile leakage (Dindo grade II) and one patient (20%) 

developed pleural effusion (Dindo grade II). One patients in the miHp group developed 

grade B biloma (20%) (Dindo grade IIIA). No major morbidity was observed in the 
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MaHp group, with one patient (20%) developing pleural effusion (Dindo grade II). No 

cases of PHLF or mortality were reported. 

Median initial FLR volume before T1 was 330 cm
3
 (IQR 250–500) and after a 

median of 8 days (IQR 7-12) increased to 450 cm
3
 (IQR 350–610) (p=0.043). This 

corresponded to a pre-operative sFLR of 26% (IQR 20–37) and increased to 36% (IQR 

28 – 45) before T2. The FLR to body weight ratio was 0.5% (IQR 0.4–0.8) before T1 

and increased to 0.8% (IQR 0.6–0.9) after T1 (p=0.043). The volumetric growth in 

ALPPS corresponded to a KGR of 6.4%/day (IQR 2.9–8.2) and a GR of 8.1 cm
3
/day 

(IQR 6.2–14.6). Volumetric data in the MaHp patient cohort are displayed in Table 4.1. 

 

B. Liver bioenergetics compared: ALPPS T1, T2 and controls 

In order to decrease bias, instead of comparing absolute values in bioenergetics 

parameters between ALPPS and controls, we compared the intraoperative variation 

between biopsy A and biopsy B. We found that bioenergetics suffered a slight but 

significant depression in ALPPS T1 versus miHp patients. In particular the lag phase, 

i.e., the time needed to repolarize the mitochondrial membrane potential after 

phosphorylation of all the ATP, increased 31.8±3.8 seconds in T1 versus an increase of 

only 11.2±16.9 in miHp (p=0.031) (Table 4.3). 

Similarly, all measured bioenergetics parameters showed a slight but statistically 

significant intraoperative deterioration in ALPPS patients in stage 2, when compared 

with MaHp. In particular, the respiratory control ratio (RCR) experienced a larger drop 

in ALPPS (-1.0±0.5) versus MaHp, where there was an increase of 1.5±1.0 (p=0.001) 

(Table 4.3). 

When comparing both stages of the ALPPS, we found a more pronounced 

intraoperative deterioration of lag phase in stage 1 than stage 2 (p<0.001) (Figure 4.1 A 

and B). Furthermore, there was a significant inter-stages improvement in mitochondrial 

respiration (p=0.039) (Figure 4.1.C). 
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Figure 4.1 - Bioenergetics parameters in both stages of the ALPPS procedure (n=5) 

A. Representative graph of mitochondrial membrane potential and oxidative phosphorylation in one patient of the 

ALPPS group, as assessed in the tetraphenylphosphonium (TPP+) ion-selective electrode. This graph demonstrates 

that several intraoperative parameters suffered a greater intraoperative worsening in stage 1 than in stage 2, namely: 

1) decrease in membrane potential; 2) decrease in depolarization; 3) increased lag phase; 4) decreased repolarization 

B. Intraoperative worsening of mitochondrial lag phase is more pronounced in stage 1 than in stage 2 of the ALPPS 

procedure (* p < 0.001) 

C. Respiratory Control Ratio during both stages of the ALPPS procedure, in both sampled time-points, biopsy A at 

the beginning of the hepatectomy and biopsy B at the end. A significant improvement was observed from biopsy A of 

stage 1 to biopsy A of stage 2 (# p = 0.039) 
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C. Energy metabolism and postoperative liver remnant function and volume 

growth 

Mitochondrial bioenergetics presented several strong and significant correlations 

with several markers of postoperative liver function in ALPPS patients. Post-T2 early 

lactate clearance strongly correlated with RCR (r=0.994; p=0.006) and membrane 

potential (r=0.969; p=0.031). Intraoperative change in mitochondrial membrane 

potential during T2 inversely correlated with postoperative day 1 ALT (r=-0.932; 

p=0.021) and AST (r=-0.969; p=0.006). Post-T2 fifth day INR correlated closely with 

membrane potential (r=-0.982; p=0.003) and repolarization (r=-0.957; p=0.011). On 

postoperative day 1 GLDH showed a very strong and significant correlation with 

arterial lactate (r=0.905; p=0.035). 

Decreased time to repolarize the mitochondrial membrane potential in T1 

significantly correlated with improved KGR (r=-0.945; p=0.015). And intraoperative 

increase in repolarization in T1 also demonstrated a very close linear correlation with 

improved FLR growth (r=0.989; p=0.001) (Figure 4.2). Furthermore, improved 

volumetrics also correlated with improved energetic status in T2, with the strongest 

correlation demonstrated of KGR with improved State 3 respiration (r=0.931; p=0.021) 

and GR with depolarization (r=0.919; p=0.027). 

 

D. Gene expression and protein content in ALPPS 

Liver samples in both stages of ALPPS were collected at the two time-points, 

beginning and end of surgery for analysis of gene expression and protein content.  

RNA content of genes associated with liver regeneration (STAT3, ALR) 

(p<0.05), mitochondrial biogenesis (PGC-1α) (p=0.004) and energy metabolism 

(COX1) (p=0.003) significantly increased intraoperatively during ALPPS T2, but not 

during T1 (Figure 4.3). The expression of nicotinamide phosphoribosyltransferase 

(Nampt) (p=0.003) was also significantly increased during both stages of ALPPS 

(Figure 4.3) while the expression of SHP presented an intraoperative increase in T1 

(p=0.034). 
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Furthermore, we also observed an increase in basal content of PGC-1α, COX1 

and SIRT1 from T1 to T2 (p=0.006, p=0.002 and p=0.019, respectively) (Figure 4.4 A 

to D). There was a significant increase in the pro-apoptotic protein Bax content from 

time-point A to B in T1 (p=0.036), but not in T2; while the end of surgery (time-point 

B) content in Bax was lower in T2 than in T1 (p=0.015). 

 

Figure 4.2 - Correlation between intraoperative change in mitochondrial energy parameters and 
future liver remnant volumetry in ALPPS patients (n=5) 

A. Very strong negative correlation between intraoperative change in lag phase, ie the time needed to complete 

phosphorylate all ATP, and Kinetic Growth Rate (Pearson r= - 0.945; p = 0.015)   

B. Very strong positive correlation between intraoperative change in repolarization and Growth Rate (Pearson r= 

0.989; p = 0.001)   
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Figure 4.3 - Gene expression in biopsies obtained in the liver remnant in both stages of the ALPPS 
procedure (n=5) 
Biopsies were collected at both time-points (time-point A at the beginning of the procedure, and time-point B 
at the end). Data are presented as a ratio of time-point B to basal expression in time-point A at each stage 

A. Increase in expression of Signal Transducer and Activator of Transcription 3 (STAT3) at the end of stage 2 (* p = 

0.036 versus sample A) 

B. Increase in expression of Augmenter of Liver Regeneration (ALR) at the end of stage 2 (** p < 0.05 versus other 

samples) 

C. Expression of short heterodimer partner (SHP) signficantly increased during stage 1 of ALPPS (*** p  = 0.034) 

D. Increase in expression of Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) at the 

end of stage 2 (**** p = 0.004 versus T1 and T2 sample A) 

E. Increase in expression of cytochrome oxidase subunit 1 (COX1) at the end of stage 2 (# p = 0.003 versus other 

samples) 

F. Increase in expression of nicotinamide phosphoribosyltransferase (Nampt) at the end of stage 1 (## p = 0.01 versus 

sample A) and at the end of stage 2 (### p = 0.003 versus sample A) 
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Figure 4.4 - Analysis of protein content (Western Blot) obtained in the liver remnant in both stages 
of the ALPPS procedure (n=5) 

A. Representative Western blot analysis of protein content of several enzymes and transcription factors involved in 

energy metabolism, mitochondrial biogenesis and apoptosis 

B. Slight but significant increase in cytochrome oxidase subunit I content in the liver remnant between stage 1 and 

stage 2 of ALPPS (* p = 0.006) 

C. Significant increase in peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) content in 

the liver remnant between stage 1 and stage 2 of ALPPS (** p = 0.002) 

D. Significant increase in Sirtuin 1 (SIRT1) content in the liver remnant between stage 1 and stage 2 of ALPPS (*** 

p = 0.019) 
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IV. Discussion 

 

Liver regeneration, albeit a wondrous phenomenon, is not inexhaustible and 

some patients do not tolerate radical extended resections. Of the diverse techniques 

available in modern Hepatobiliary surgery, the ALPPS procedure probably relies on the 

extremes of the liver’s regenerative capacity, allowing resection in otherwise inoperable 

patients [339]. This is clearly demonstrated by the successful completion of mono-

segment ALPPS [346]. However, ALPPS is fraught with high morbidity and mortality, 

mostly due to PHLF [338]. 

Mitochondrial oxidative phosphorylation supplies the fuel for liver regeneration 

and liver energy status is known to correlate with posthepatectomy liver function and 

clinical outcome [19,41,43,52] (see also Chapter I - “Bioenergetics and Liver 

Regeneration: Review of the Role of Energy Status in the Pathophysiology of 

Posthepatectomy Liver Failure”). Experimental work has demonstrated that there is an 

increase in mitochondrial DNA and RNA in the remnant liver in the first hours after 

hepatectomy, as well as enhanced expression of several enzymes involved in energy 

metabolism, such as the ETC enzyme cytochrome oxidase (COX) [44,45]. This results 

in an overall increase of the liver’s energy-producing capacity in the first two to four 

days after hepatectomy [46]. 

Mitochondrial quality and quantity in cells are influenced by the equilibrium of 

formation of new organelles (biogenesis) and its destruction (mitophagy) [34]. Several 

transcription factors are involved, including peroxisome proliferator-activated receptor-

γ coactivator (PGC-1α), for the orchestrated transcription of both the nuclear and the 

13-gene mitochondrial genome to produce new mitochondria. Experimental evidence 

has suggested that portal vein ligation (PVL) can improve mitochondrial function in the 

non-ligated lobes in a rat model, possibly mediated by an increase in mitochondrial 

biogenesis [245,246]. However, the adaptations occurring in human liver energy 

metabolism in two stage hepatectomies, including ALPPS are unknown. 

We intended to explore the role of mitochondrial bioenergetics and biogenesis in 

the liver’s regenerative response in ALPPS. By studying a cohort of five consecutive 
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patients undergoing the ALPPS procedure, we performed intraoperative liver biopsies in 

both stages, at two time-points, beginning (A) and end (B) of the procedure. With this 

we examined intraoperative changes in mitochondrial membrane potential and 

respiration in the remnant liver. The transmembrane potential developed by 

mitochondria upon addition of succinate is essential for energy production and is an 

extremely sensitive measure of metabolic capacity. And the Respiratory Control Ratio 

(RCR) reflects the capacity for substrate oxidation and ATP synthesis.  

First we examined energy metabolism in both stages of ALPPS and compared 

them with matched controls. The control populations consisted of a cohort of patients 

undergoing multiple, minor parenchymal-sparing resections for stage 1; and a major 

hepatectomy for stage 2. Although the controls were adequately matched, unavoidable 

differences could present a bias in the interpretation of the results, as ALPPS is a more 

complex procedure: one-stage conservative resection does not include PVL or 

parenchymal division; and major hepatectomies presented an obviously larger FLR 

volume and were performed as a single stage procedure. So, in order to further reduce 

the individual variability in energetics parameters, in this comparison we only assessed 

the intraoperative change from biopsy A to biopsy B.  

We found that mitochondrial function was hampered in both stages of ALPPS 

when compared to matched controls. Even after taking into account the aforementioned 

biases, this finding alerts to the possibility of mitochondrial dysfunction being a 

contributing factor in the higher risk of PHLF and mortality associated with ALPPS; 

and reinforces the caution surrounding its use [347]. 

However, we also found an extremely interesting improvement in mitochondrial 

respiration and function from T1 to T2, in spite of a slightly longer duration of HPC in 

the latter. Furthermore, we also describe a larger increase in the mitochondrial-

dependent apoptotic protein Bax in T1 versus T2. These findings suggest that important 

metabolic adaptations occur in the FLR, promoting improved bioenergetics 

performance and decreased apoptosis. To our knowledge this has never been 

documented before. 

Another interesting result was the correlation of mitochondrial energetics with 

posthepatectomy liver function, which seems to confirm previous work from our group 
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[19]. Although we experienced no cases of PHLF in this series, we found that 

mitochondrial membrane potential in T2 closely correlated in a negative way with two 

key markers of posthepatectomy liver function, peak arterial lactate and postoperative 

day 5 INR [11,171]. Furthermore GLDH, a mitochondrial matrix urea cycle enzyme and 

a very sensitive marker of liver necrosis and mitochondrial dysfunction [86,187], was 

tightly correlated with arterial lactate. And postoperative aminotransferases were also 

correlated with mitochondrial membrane potential. These results suggest that patients 

with better intraoperative energy metabolism presented improved postoperative liver 

function and decreased hepatocellular necrosis. 

Also extremely interesting was the finding of a very close association of 

improved cellular energetics with enhanced volume growth of the FLR. In fact, we 

demonstrated that improved mitochondrial potential in T1 correlated with improved 

volume gain. Although the small size of the series should lead to caution in the 

interpretation of these results, this has, to our knowledge, also never been reported 

previously in the scientific literature. And were the main reason to further expand our 

study on this subject with detailed analysis of the expression of genes associated with 

liver regeneration, mitochondrial biogenesis and energy metabolism.  

The regenerative response of ALPPS and other two-stage hepatectomies is 

linked to portal vein ligation (PVL). Like portal vein embolization (PVE), PVL shunts 

portal blood away from the tumour-bearing parenchyma and into the FLR, causing 

atrophy and apoptosis in the embolized hemiliver; and hypertrophy and increased 

proliferation in the non-embolized hemiliver [348]. This is probably due to the exposure 

of the FLR to higher concentrations of hepatotrophic factors from the gut. Possible 

implicated molecules are bile acids and enterohormones, such as glucagon-like peptide 

1 (GLP-1) [349,350]. Our finding of increased expression of SHP in stage 1 is 

suggestive of the role of bile acids, as SHP is a pleiotropic transcription factor just 

downstream of the Farnesoid X Receptor (FXR), which is the main bile acid-regulated 

nuclear receptor involved in liver regeneration [351].  

However, ALPPS differs from other two-stage hepatectomies because PVL is 

supplemented by the in situ splitting (total or partial) of the liver, separating the FLR 

from the tumour containing contralateral lobe. This parenchymal division causes a 
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surgical disconnection of left to right cross-portal shunts and undoubtedly contributes to 

the enhanced regenerative response [352]. But the augmented liver growth is also 

possibly linked with the increased systemic inflammation caused by the parenchymal 

partition. Although increased expression of Interleukin 6 (IL-6) was not found in a 

rabbit model of ALPPS [353], extra-hepatic injury with PVL is associated with similar 

volume gain in a mouse model of ALPPS and this is possibly mediated by the IL-6-

STAT3 pathway [250]. Cytokines are known primers of liver regeneration and the 

STAT3 pathway can significantly improve mitochondrial function [16,354]. Moreover, 

mitochondrial respiration is improved in animal models of moderate but not severe 

abdominal sepsis [355]. Our results are in support of these observations, as we describe 

a significantly higher liver remnant expression of STAT3 at the end of stage 2.  

Another interesting finding was the increased expression of Augmenter of Liver 

Regeneration (ALR), a potent hepatotrophic factor with important regulatory function in 

cellular respiration. ALR, also known as Hepatic Stimulator Substance or 

Hepatopoietin, is one of the strongest hepatic cell mitogens and it also modulates 

oxidative phosphorylation,  mitochondrial biogenesis and ATP synthesis [200]. In fact, 

ALR’s importance in energy metabolism seems to be dependent upon its effect on 

mitochondrial biogenesis, upstream of other two co-factors, TFAM and PGC-1α [21]. 

Also testifying the role of energy metabolism in liver regeneration was the fact 

that Nicotinamide phosphoribosyltransferase (Nampt), a key enzyme in the synthesis of 

nicotinamide adenine dinucleotide (NAD, an intermediate in the electron transfer 

between the citric acid cycle and the ETC) was highly expressed in the end biopsy of 

both stages of ALPPS. Nampt has recently been demonstrated to be involved in the 

energetic adaptations in experimental liver resection [22].  

Finally, we think we have confirmed the importance of mitochondrial biogenesis 

and energy metabolism in Human liver regeneration. This is supported by the enhanced 

gene expression and increased protein content in T2 of peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC-1α), a pivotal regulator of 

mitochondrial biogenesis; and of cytochrome oxidase subunit I (COX1), a component 

of complex IV of the ETC which is coded by the 13-gene mitochondrial genome. There 
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was also an increase in SIRT1 content, a metabolic sensor that acts directly on  PGC-1α 

[36]. 

In conclusion, this work clearly demonstrates, for the first time in the scientific 

literature, the importance of adaptations in energy metabolism in the regenerative 

response of the liver in two stage hepatectomies. Of striking relevance are the inter-

stages improvement in energy status and the correlation with volumetric growth. A 

definite role for mitochondrial biogenesis in this process is confirmed. In fact, the first 

stage of ALPPS seems to not only induce liver regeneration but also prompts energetic 

conditioning of the FLR, inasmuch as exercise does for striated muscle [36]. In the 

clinical setting liver regeneration is very likely tightly paralleled by an efficient 

mitochondrial response, in order to provide the ATP to fuel the extremely high 

metabolic requirements of swift cell replication.  

The clinical implications of this study are twofold. First, bioenergetic status 

could be used as a liver functional reserve test, by staging parenchymal capacity to 

undergo extended resection. In fact, assessment of fitness to undergo stage 2 of ALPPS 

is increasingly performed with functional tests such as hepatobiliary scintigraphy, rather 

than volumetric-only tests [342]. The metabolism, conjugation and biliary excretion of 

iminodiacetic acid (and other xenobiotics such as indocyanine green), like most liver 

functions, is an endergonic, i.e. energy-requiring or ATP consuming reaction. 

Considering that liver regeneration is just another, although seldom required, liver 

function, we postulate that the assessment of energy status of liver cells could indicate 

liver pre-resection reserve [269]. This could assist in the surgical decision-making 

process: second stage of ALPPS could be performed earlier in patients with improved 

cellular bioenergetics; and later, or not at all, in patients with underlying mitochondrial 

dysfunction. However, as there were no cases of PHLF in our series we cannot 

speculate on the accuracy of this method and further studies are needed to clarify this 

issue. 

Secondly, these findings open the way to the possibility of using mitochondrial-

targeted pharmacological therapies to improve cellular bioenergetics in clinical liver 

surgery, enhancing liver regeneration and decreasing the incidence of PHLF. Several 

drugs are currently under evaluation in the preclinical setting [20,204,206,207] and 
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could potentially translate into the clinical arena, reducing the morbidity and mortality 

of liver surgery and hopefully expanding the current limits of hepatectomy. 
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Liver resection offers improved survival to patients with both primary and 

secondary liver malignancies. While doing so, modern Hepatobiliary Surgery constantly 

challenges the liver’s unique ability to regenerate. In fact, technical constraints to 

resection are usually only imposed by the quality and volume of the predicted future 

liver remnant. With adequate preoperative planning and preparation, thorough selection 

of patients, meticulous surgical technique, dedicated intraoperative management and 

close postoperative care, the rule is that the majority of patients undergo resection of a 

significant fraction of parenchyma with an unimpeded recovery of mass and function of 

the liver remnant. Notwithstanding, on occasion the liver’s capacity to regenerate is 

pushed beyond its limits, resulting in a syndrome of decreased excretory and synthetic 

functions known as Posthepatectomy Liver Failure (PHLF). Although often self-limited, 

the consequences of PHLF can at times be more portentous, with impaired renal 

function, increased risk of sepsis and death. Furthermore, evidence has emerged for a 

deleterious effect on long-term outcome in patients surviving PHLF. 

 Multiple experimental and some notable clinical evidence has proved that liver 

regeneration is a highly energy-dependent sequence of events. As was thoroughly 

reviewed in this Doctoral Thesis, the energy source for liver regeneration is 

mitochondrial oxidative phosphorylation, the highly efficient oxygen-dependent 

metabolic chain that fuels most processes in higher heterotrophic organisms. However, 

the link of mitochondrial function and postoperative outcome had not been clearly 

documented up to this day. In particular, the parallel of mitochondrial energy status and 

posthepatectomy liver dysfunction and morbidity remained unproven.   

 In this Thesis we sought to explore this relationship, and succeed in doing so. In 

one of the original clinical studies herein displayed, intraoperative decrease of 

mitochondrial membrane potential was confirmed for the first time as an independent 

factor in the development of postoperative liver-specific morbidity, with 

posthepatectomy liver function closely correlating with several bioenergetics 

parameters; for example, a longer lag phase, reflecting a prolonged time to 

phosphorylate adenosine diphosphate, was both highly sensitive and specific of the 

development of PHLF. 



Concluding remarks 

 

174 

 

Furthermore, Hepatic Pedicle Clamping (HPC), an almost universal manoeuvre 

in the technical arsenal of liver surgeons, was demonstrated to have a distinct effect on 

mitochondrial function. This is an extremely interesting finding as it has long been 

known that longer duration of HPC, although causing ischemia-reperfusion injury is not 

linearly associated with worse postoperative outcome. Thus, mitochondrial 

susceptibility to HPC could in fact be a missing link in this equation and it was possible, 

in our work, to demonstrated this relationship; both in clinical and experimental studies. 

 Chemotherapy offers a major contribution to the management of patients with 

colorectal cancer liver metastases (CRLM), the most common indication for liver 

resection in developed nations. By reducing the size of liver nodules, resection can be 

offered to a significant proportion of patients initially deemed inoperable. However, one 

of the unwanted consequences of chemotherapy is the development of liver injury in 

three distinct patterns: steatosis, steatohepatitis and sinusoidal obstruction syndrome 

(SOS). Although mitochondrial dysfunction is involved in the pathophysiology of many 

liver diseases, its role in the pathogenesis of chemotherapy-associated liver injury 

(CALI) was still unknown. Furthermore, the exact clinical consequences of CALI are 

still under intense scrutiny, as a recent meta-analysis failed to prove the current notion 

of worse postoperative outcome in SOS. 

This led to the pursuit of two studies. First, a clinical and pathological review of 

patients undergoing liver resection for CRLM was performed, confirming SOS as an 

independent factor in overall and liver-specific morbidity. However, the association of 

more severe forms of SOS with PHLF or mortality was not confirmed on multivariate 

analysis. Interestingly, steatosis and steatohepatitis did not hamper postoperative liver 

function or clinical outcome, challenging a deeply embedded dogma in the surgical 

community. The second study attempted to explore the possible involvement of 

mitochondrial dysfunction in the pathogenesis of SOS. The experimental study designed 

to answer these questions failed to replicate the characteristic histologic injury of a 

previously published model. Nonetheless, mitochondrial dysfunction was for the first 

time demonstrated to occur in an experimental model of chemotherapy-induced 

hepatotoxicity. 
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 Although indications are constantly increasing, the technical limits of liver 

resection are presently being reached. But an incidentally discovered development 

recently expanded these boundaries, up to the point where, unthinkable a few years ago, 

the future liver remnant would consist of a single Couinaud segment. The Associating 

Liver Partition and Portal Vein Ligation for Staged Hepatectomy (ALLPS) procedure, 

an exciting but nonetheless risky procedure, probably dwells on the extremes of the 

liver’s regenerative capacity. However, the precise adaptations in remnant liver 

bioenergetics occurring along with the profound inter-stages changes of ALPPS had 

never been documented. Again, this Thesis interrogated on this issue and several 

conclusions were drawn. First, mitochondrial function is worse in ALPPS than in other 

hepatectomies, a finding that is in accordance with the increased postoperative 

morbidity and mortality associated with this technique; and that reinforces the caution 

surrounding its use [347]. Moreover, the extremely interesting correlation of liver 

remnant mitochondrial membrane potential in the first stage with the inter-stages 

volume growth rate had never before described in the scientific literature. And finally, 

the inter-stages improvement in mitochondrial function suggested that important 

adaptations were taking place in the future liver remnant. This was confirmed by the 

paralleled expression profile of several key genes in liver regeneration, mitochondrial 

biogenesis and energy metabolism, an exciting first ever description in the scientific 

literature. 

In conclusion, the research questions drawn at the start of this project were 

answered. However, several unresolved issues remain to be addressed in future research 

and will now be summarily catalogued.  

In the first place, the exact mechanism of energetic dysfunction in major 

hepatectomies deserves further scrutiny. An attractive theory is the portal vein 

hyperflow and resultant increased shear stress. Although it does not explain the 

deterioration in liver function that, albeit rare can occur in minor hepatectomies, this 

theory elegantly fits the current knowledge on pathogenesis of PHLF in major and 

extended hepatectomies.  However, shear stress alone might not justify the pathogenesis 

of the small-for-size syndrome. In fact, decreased arterial flow mediated by the Hepatic 

Artery Buffer Response could be the most relevant factor. The resulting parenchymal 

hypoxia would compromise mitochondrial energy production and hence clinical 
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outcome. In order to verify this theory, a large animal experimental model of extended 

hepatectomy would be needed in order to correlate liver macrovascular changes 

(including arterial and portal flow, pressure and shear stress), parenchymal oxygenation 

and cellular energy metabolism. Furthermore, the effects of intraoperative modulation 

of portal vein and hepatic artery flow on energy metabolism, liver function and outcome 

would be more readily assessed. 

 Another key point needing clarification is the mechanistic effect of oxaliplatin 

on mitochondrial function. In order to examine this question, a complete dissection of 

the molecular events taking place would probably require at least one study on 

hepatocyte culture. However, since SOS is also a sinusoidal endothelial cell disease, a 

three-dimensional co-culture comprising distinct liver cell populations would be a more 

appropriate research model. Hopefully, this would provide a significant contribution to 

the yet elusive pathophysiology of chemotherapy-induced SOS. 

 And as the evidence for mitochondrial dysfunction in the pathogenesis of PHLF 

builds up, it is unavoidable to consider future clinical applications. In this regard, three 

distinct pathways have their start at the “bench” and could lead to the “bedside”. 

 First, perioperative and early postoperative non-invasive assessment of 

mitochondrial function could assist in the timely recognition of PHLF. While 

mitochondrial function testing in liver biopsy samples is undoubtedly the gold standard, 

it is invasive and cumbersome. Thus, other promising modalities will surely find their 

way, notably serum glutamate dehydrogenase and microdialysis. Further research on 

these methods is warranted and could ensure accurate and early detection of 

posthepatectomy liver dysfunction. 

 Most Hepatobiliary surgeons would agree that estimation of hepatic preoperative 

reserve is one of the most important steps in the prehepatectomy decision-making 

process. And this leads to the second translation point of the findings herein included. 

Composite liver function tests alongside with remnant liver volume measurement have 

for long been the gold standard [269]. Although useful, these tests do not account for 

regional asymmetries in liver function. But nowadays other methods are allowing 

assessment of segmental liver function and are proving to be invaluable. Since most 

liver functions require energy, an estimation of liver energy capacity could prove to be 
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an excellent liver reserve test. However, the best way to achieve this goal is not clear at 

the present moment. As was demonstrated in this Thesis, direct assessment of liver 

mitochondrial function is possible in liver remnant biopsy samples collected during the 

first stage of a two-stage hepatectomy, such as the ALPPS procedure. However, one-

stage resections would require a preoperative liver percutaneous liver biopsy to assess 

mitochondrial function, which although feasible is an invasive and risky procedure 

[183]. Ideally, appraisal of liver energy status should be performed with a non-invasive 

method. With the ability to measure the ATP/Pi ratio,
 31

Phosphorus Magnetic 

Resonance Spectroscopy could aid in this quest, with the added advantage of assessing 

segmental liver function with gadoxetic acid enhanced study, and also measuring future 

liver remnant volume, as an all-in-one exam [128,268,356]. 

 The third translation point is the extremely appealing potential for improving the 

liver’s regenerative capacity with mitochondrial-based therapies. Although innovative 

techniques such as ALPPS or simultaneous portal and hepatic vein embolization are 

pushing the current limits of technical resectability beyond expectations [357,358], 

these limits will be ultimately met nonetheless. Considering energy status as one of the 

limiting factors in liver regeneration, energetic conditioning could potentially help 

transcend the boundaries of liver resection. Several candidate therapies were reviewed 

earlier and a few demonstrate enormous potential, such as: enhancing mitochondrial 

biogenesis with new drugs such as berberine; decreasing permeability transition with 

novel cyclophilin inhibitors; improving parenchymal oxygenation with hyperbaric 

oxygen and/or portal flow modulation; and upgrading mitochondrial pool with 

improved mitophagy. Some the aforementioned approaches could eventually find their 

way into the clinical arena and hopefully decrease morbidity and mortality of liver 

resection. 

This Doctoral Thesis hopes to have provided a modest yet significant 

contribution to the understanding of Posthepatectomy Liver Failure. Mitochondria, the 

living relic of an early symbiotic relationship in Earth’s life, relentlessly provide liver 

cells with the energy for regeneration. Their malfunction can severely impair clinical 

results after hepatectomy, either through depression of cell function, mitochondrial-

induced programmed cell death or outright energetic failure and necrosis. And while 

playing a distinct yet undefined role in the complex changes that the liver suffers after 
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chemotherapy, mitochondrial function is confirmed as a key vector in the liver’s 

regenerative response in two-stage hepatectomies.  

Meanwhile, we feel that it is incumbent upon Surgeons in Academic Centres to 

foster basic and clinical research on this subject. Not only will this allow a deeper 

understanding of the pathophysiology of PHLF, but hopefully aid in its prevention and 

early detection. And with the development of energetic-conditioning strategies in the 

near future, we will conceivably provide hope for patients nowadays deemed unfit for 

surgery due to a predicted insufficient liver remnant. One dares to dream that those days 

are nearer than imagined. 

Finally, while the mechanisms underlying liver regeneration have been the focus 

of intensive research in clinical and basic sciences, the most upstream primer of liver 

regeneration has yet to be identified. Metabolic stimuli, namely a change in whole 

organism energy status, could in fact be the igniter of hepatocyte proliferation [24,26]. 

Since liver resection is not a usual environmental stressor, the liver must have evolved 

the capacity for regeneration because of the constant exposure to toxic, metabolic and 

infectious aggressors carried by the portal blood flow. Given the central role of the liver 

in glucose and lipid metabolism, it is conceivable that liver regeneration has thus 

evolved as an adaptive response to two divergent phenomena: first, liver injury can 

significantly decrease liver mass; and second, fluctuations in whole-body energy supply 

and demand require enormous plasticity of the liver parenchyma. A hepatostat, i.e. a 

sensor of hepatocyte mass to whole body metabolic needs fits nicely with the theory of 

liver mass regulation by metabolic rather than hemodynamic stimuli [23,359–361]. 

Could it be that the hepatostat is none other than an elegantly placed intracellular 

energy sensing system?  Could the stimulus for liver regeneration start with an altered 

cellular energy state, and thus the hepatostat would in reality be an “energostat”? An 

interesting parallel emerges: as much as the Liver must recuperate lost mass to maintain 

whole-body energy status, so Mitochondria should increase energy supply to fuel 

hepatocyte replication and function. Perhaps Mitochondria’s role in Liver Regeneration 

is not simply as the provider of energy. Perhaps by sensing the hepatocyte’s metabolic 

overload, they also play a role in the key events initiating Liver Regeneration. Surely 
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this question would fuel the scientific curiosity to mandate further and more exciting 

research. Energy will hopefully be applied in this endeavour. 

 

     Coimbra, March 2017 
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