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ABSTRACT 
 
Compensatory liver regeneration is triggered by chronic liver injury or surgery and is crucial to 

maintain tissue homeostasis. The underlying mechanisms which include a whole battery of 
complex signaling events have been thoroughly studied for decades. The majority of 
hepatocellular carcinomas develop in a highly proliferative environment caused by underlying 
chronic liver disease in which lost liver tissue must be restored to meet the needs of the 
organism. The chronic inflammatory condition with chronic liver repair enhances the presence 
of free radicals leading to an increased risk of cell alterations.  
This thesis includes four papers; the first three of which comprise studies regarding the 
importance of the regulation and endurance of cell proliferation, and also the sensitivity of the 
proliferating cells to compounds used in cancer prevention and treatment. In these studies we 
used a 2/3 partial hepatectomy (PH) rat model and also a chemically induced rat liver cancer 
model (The Solt and Farber Resistant hepatocyte model). The fourth paper is a human study in 
which we quantified immunohistochemical stainings for 6 different redox proteins in livers 

from patients resected for hepatocellular carcinoma (HCC) and colorectal carcinoma (CRC) 
liver metastases. 
The specific aims were: (I) to characterize gene expression of the different pathways involved 
in hepcidin regulation after PH, until liver regeneration is complete; (II) to study the effects of 
sodium selenite on regenerative versus neoplastic liver cell proliferation in rat, and to 
investigate if TrxR1 is a constitutive tumour marker or an unspecific marker for cell growth in 

rat liver; (III) to study the effect of the anticancer agent sorafenib, a multikinase inhibitor, on 
normal liver regeneration after PH in rat; and  (IV) to evaluate if redox protein (thioredoxins 
and glutaredoxins) expressions correlate to clinical features in human hepatocellular 
carcinoma and if they can be used as prognostic markers after liver surgery.  
Our results showed that high serum levels of IL6 induced the levels of STAT3 and the 
expression of hepcidin mRNA during the acute phase after PH. The gene expressions of the 
iron sensing proteins HFE, hemojuvelin (HJV) and transferrin receptor 2 (TfR2) were decreased 
during the whole regeneration, gradually decreasing hepcidin gene expression and thereby 
mobilizing iron to the growing liver. The expression of genes involved in iron uptake; 
transferrin receptor 1 (TfR1) and divalent metal transporter 1 (DMT1) were increased thereby 
facilitating iron uptake (paper I).  
After administration of sodium selenite in a tumour preventive, supranutritional dose followed 
by PH no effect on body weights or gain of liver mass was seen. In the hepatocarcinogenesis 
model the tumour volume was significantly decreased in animals supplied with selenium 
during the progression phase compared tumours in rats not treated with selenium. The 
expression of TrxR1 was exclusively seen in the neoplastic liver lesions but not in the 
remodelling preneoplastic lesions (paper II). 
Treatment with sorafenib transiently suppressed liver regeneration and the gain of relative 
liver mass, but was followed by a delayed compensatory increase of liver cell proliferation one 

week after resection with the result that after 14 days the treated animals reached the same 
relative liver weights as the controls did in five days (paper III). 
In the human study we saw an up-regulation of Trx1, Trx2 and Grx5 in HCC compared to its 
respective surrounding non-tumorous tissue. The same was observed in the CRC metastases 
where also the staining of Grx1 and Grx3 was significantly higher compared to non-tumorous 



 

 

tissue. Trx1 expression correlated well to cell proliferation but not to tumour differentiation, 
micro-vascular invasion or tumour recurrence. A relative down regulation of Trx1 was seen in 
tumours compared to the surrounding liver in males, smokers and in patients with high alcohol 
consumption.  
 
We concluded that the peak of hepcidin expression during the acute phase was eventually 
overruled by the downregulation of the iron sensing pathway in order to promote iron 
mobilization to the regenerating liver. We also concluded that selenium in a supranutritional 
dose impaired tumour growth without impairing the normal liver cell proliferation, and that 
the selenoprotein TrxR1 is a constituent of the neoplastic phenotype. Sorafenib prolonged 
liver regeneration in proportion to the length of treatment but the liver adapted to the early 
inhibitory effects of the drug. Thioredoxins and glutaredoxins were ubiquitously expressed in 
livers exposed to oxidative stress and various malignancies and can therefore not be used as 
diagnostic markers for HCC. Smoking and high alcohol consumption increased the Trx1 
expression in tissue surrounding the HCCs, whereas expression of Trx1 in the HCCs correlated 
to cell proliferation. Redox protein expression in HCCs cannot be used as predictive markers 
for tumour recurrence after liver resection. 



 

 

 

POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

Levern är kroppens största körtel och kroppens näst största organ efter huden. Den är ett 

mångfacetterat organ med uppgifter som att producera essentiella proteiner, till exempel 
koagulationsfaktorer, lagra energi i form av glykogen, producera och utsöndra vissa hormoner, 
producera och transportera galla till tarmen för fettnedbrytning, reglera upptag av järn samt 
bryta ner toxiska kemiska föreningar. Utöver detta har levern också en viktig roll i 
immunförsvaret för att eliminera främmande partiklar såsom virus och bakterier. 
 
Levern har en stor förmåga till anpassning efter behovet av funktionell levermassa men också 
en betydande reservkapacitet. Levern har förmågan att återuppbyggas efter skador, genom att 
levercellerna delar sig vilket kallas leverregeneration. Sådana skador kan uppstå på grund av 
en kronisk leverinflammation eller efter ett kirurgiskt ingrepp där en bit av levern opereras 
bort. Vid en kronisk leverskada orsakad exempelvis av hepatit B/C eller alkohol så ökar risken 
för ackumulerade mutationer, som på sikt kan leda till tumörer. Ett helt maskineri av komplexa 
signalvägar ligger bakom leverregeneration och om man i detalj kan kartlägga dessa skulle nya 
strategier för behandling av levercancer kunna utvecklas. 
Vid primär levercancer kan symptomen vara vaga och uppstå i ett sent skede. Om cancern 
upptäcks i ett tidigt stadium kan patienten behandlas kirurgiskt om den upptäcks i ett 
intermediärt stadium kan cellgifter sprutas in i leverartären till tumören, men om den hittas i 
ett avancerat stadium kan man bara ge en ”bromsmedicin”, sorafenib, som hämmar tumörens 

tillväxt men inte ger bot. 
I den här studien har vi använt en djurmodell på råtta för att kunna studera leverregeneration 
och hur den påverkas av olika behandlingar. Sjuttio procent av djurets lever tas bort i ett 
kirurgiskt ingrepp som kallas 2/3 partiell hepatektomi, (PH). Den återstående delen av levern 
kommer omedelbart att starta en kompensatorisk regenerationsprocess och på råtta ser man 
redan efter 5-7 dagar att vävnadsförlusten är ersatt och levern har nått sin ursprungliga 
funktionella massa för att möta organismens behov. 
 
Det finns sjukdomar som leder till för högt järnupptag vilket på sikt är levertoxiskt och kan leda 
till levercancer. Vi har studerat hepcidin som är ett protein som styr järnupptaget i levern 
genom att blockera upptaget från tarmen. Hepcidinet självt produceras av levern och regleras 
av flera molekyler som känner av järnhalten i kroppen. Vid inflammation uppregleras hepcidin 
vilket ger en minskning av järnhalten i plasma. Detta ses som ett försvar mot mikroorganismer 
som har behov av järn för att kunna föröka sig. Efter partiell hepatektomi följer en akutfas-
reaktion som bland annat leder till en ökad produktion av hepcidin. Den akuta fasen är över 
efter ett dygn och övergår i en regenerativ fas. Det var tidigare inte känt vad som sker med 
uttrycket av hepcidin och därmed regleringen av järnupptaget under själva regenerationsfasen 
av leverns återuppbyggnad, vilket föranledde oss att genomföra den här studien. Vi använde 
oss av PH-djurmodellen och analyserade uttrycket av hepcidinreglerande gener och proteiner 

och fann att hepcidin nedreglerades efter den akuta fasen för att underlätta upptaget av järn 
som är en viktig komponent under celldelning och celltillväxt. 
Selen är ett annat grundämne som är ett viktigt spårämne i kroppen, och som är inblandat i 
många viktiga cellulära processer, bland annat celltillväxt och cellulär utmognad 
(differentiering). Det finns studier som har visat att selen har en hämmande effekt på olika 



 

 

typer av tumörer. Vi studerade selenets inverkan på levercancer i råtta och fann att selen, i en 
dos som är högre än normalt dagssintag men som inte är toxisk, hämmade levertumörernas 
tillväxt utan att påverka den normala leverns tillväxt. Vi undersökte även förekomsten av ett 
selenoprotein, thioredoxin reduktas 1 (TrxR1) som är involverat i cellens försvar mot oxidativ 

stress, i tumörerna och fann att detta protein överuttrycktes i levertumörer men inte i de 
cellförändringar utgör ett förstadium till tumör och som var på väg att återbildas. Vi drog 
slutsatsen att TrxR1 är en del av tumörcellens karakteristika (vilket brukar kallas den 
”neoplastiska fenotypen”) och skulle kunna användas som en vävnadsmarkör för cancer. 
 
Vi studerade även sorafenib som är en relativt ny medicin som ges till patienter med 
avancerad inoperabel levercancer. Sorafenib verkar genom att hämma vissa cellulära 
signalvägar som är inblandade i celldelningen. Frågan har väckts om sorafenib skulle kunna 
användas i samband med kirurgi för att minska risken för återfall av sjukdomen. Ett problem är 
dock att sorafenib också kan hämma normala leverceller som ska dela sig för att återställa 
förlorad vävnad efter operation.  
Av den anledningen valde vi att studera effekten av sorafenib på normala tillväxande 
leverceller hos råtta efter PH. Djuren fick sorafenib dagligen under en vecka innan PH och 

avlivades vid olika tidpunkter därefter. Vi studerade leverns tillväxt upp till 14 dagar efter 
operationen och fann att sorafenib hämmade tillväxten i proportion till längden på 
behandlingen efter PH samt att levern anpassade sig till drogen genom att öka sin celldelning i 
ett senare skede efter PH. Detta för att kompensera för den tidiga hämmande effekten. Efter 
14 dagar var de sorafenib-behandlade djurens levrar lika stora som innan, medan detta tog 5 
dagar hos de djur som inte fått sorafenib.  

 
Uttrycket av vissa redoxproteiner har rapporterats vara ökat i bland annat tjocktarms- och 
gallblåsecancer, och dessutom korrelerats till en sämre prognos efter kirurgi. För att studera 
om detta även gäller levercancer så analyserade vi uttrycket av sex olika redoxproteiner i 
kirurgiskt avlägsnade levertumörer hos patienter med primär levercancer. Som 
jämförelsematerial använde vi dels omgivande levervävnad runt tumörerna och dels 
levermetastaser från tjocktarmscancer samt den tumörfria levern som omgav metastaserna. 
Vi fann att flera av dessa proteiner var signifikant uppreglerade i tumörerna jämfört med den 
omgivande vävnaden men att uppregleringen var svagare i primär levercancer jämfört med 
tjocktarmscancermetastaserna.  
Vi fann även ett starkare uttryck av proteinerna i den omgivande vävnaden i levrarna med 
primär levercancer jämfört med uttrycket i den vävnad som omgav tjocktarmsmetastaserna. 
Detta tror vi speglar en högre grad av oxidativ stress (bildning av fria radikaler) hos 
levercancerpatienterna beroende på deras underliggande kroniska leversjukdom jämfört med 
levervävnaden hos patienterna med metastaser, där levervävnaden i grunden är frisk. Vi såg 
inget samband mellan uttrycket av redoxproteiner och risken att återfå sin levercancer efter 
operationen. 
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PREFACE 

 
The liver is a fascinating and diverse organ with many challenging tasks. Positioned under the 
ribs on the right side of the abdomen, and with a direct contact with the intestine via the 

portal vein it is the first organ receiving and taking care of anything that is ingested. The liver is 
not only the biggest organ on the inside of our body with a weight of 1.2 -1.5 kilograms in 
adults, but also our largest gland. 
It has a major role in the body’s metabolism and produces important plasma proteins and 
lipids; it synthesizes and excretes bile, and functions moreover as a huge reservoir of several 
important biomolecules. 
With its double blood supply the liver is fraught with venous and nutrient rich blood from the 
intestines and spleen brought via the portal vein whereas the hepatic artery supplies the liver 
with oxygenated blood. These vessels lie parallel and enter the liver through the porta hepatis 
where they divide into branches to the right and the left lobes. The left and the right hepatic 
bile ducts form the common hepatic duct which exits the liver where the vessels enter. The 
hepatic nerve plexus follows the hepatic artery and bile ducts into the hepatic parenchyma.  
The gallbladder is a reservoir that collects the bile produced by the liver. The bile is emptied in 

the intestines to help breaking down lipids which are taken up by the epithelial cells that lines 
the intestinal mucosa for subsequently transportation via the portal vein to the liver for 
further processes. 
The liver consists of two anatomical lobes; the right lobe is bigger and constitutes 60-65% of 
the whole liver. The lobes are separated by ligamentum falciforme hepatis. Each lobe is 
organized in functional segments where they have independent vascular and biliary stalks and 

venous drainage. In total the liver has 8 segments designated I-VIII. 
One of the most unique features of this organ is its capability to regenerate; something which 
is a very important evolutionary adaptation for a life on our planet, with its variable 
environment that sometimes can be very hostile.  
Already the ancient Greeks had some idea of liver regeneration, in Greek mythologies there is 

a story about Prometheus – an immortal titan- that was stealing the fire from the Gods in 

Olympia to give to the people. For this he was punished by Zeus for all eternity by being 

fettered to a rock and getting his liver eaten every day by an eagle. Each night a new liver grew 

back so that the eagle could feast on a fresh liver the next day and this endless torture went 

on until he was eventually released and the eagle was shot. 
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1 INTRODUCTION 

The liver is a very plastic gland that in a changing environment is constantly adapting its 
functions to the needs of the body. It has an impressive capacity and flexibility that we hardly 

ever think of or has to consider in daily life. It is however also a target for environmental 
toxicity and disease. With efficient repair processes, including intracellular restoration of 
organelles as well as regeneration of new hepatocytes, the liver can compensate for a 
significant loss of liver cells and liver cell function. Acute toxicity is therefore usually not life 
threatening unless the entire liver is severely compromised. Chronic toxicity and chronic 
necroinflammatory diseases, involving cell degeneration and cell death induce chronic repair 
processes and a need for chronic regeneration. Increased compensatory cell proliferation in a 
toxic environment and in an environment with increased oxidative stress causes with time 
chronic liver damage, liver fibrosis and increases the risk of liver cancer. 
 
In this thesis we have focused on the compensatory hepatocyte cell proliferation, involved in 
liver cancer development. We have investigated different aspects of importance for the 
regulation and endurance of cell proliferation and also the sensitivity of the proliferating cells 
to compounds used in cancer prevention and treatment. An important function of the liver cell 
is to be able to handle reactive compounds and oxidative stress. We have therefore also 
investigated the expression of redox proteins in liver cancer and in the surrounding non 
neoplastic liver in which the tumour has developed and that is of importance also for the 
growth of the cancer cells and cancer progression. The patient is dependent for its survival on 

the status of the surrounding liver tissue and a severely compromised surrounding liver tissue 
will also limit the options available for treatment. 
 
The thesis covers the homeostasis of iron in a situation of sustainable restoration after 
removal of 2/3 of the liver tissue. We also investigate the effect on selenium on the growth of 
the normal hepatocyte and compare that with data on the selenium effect on liver cancer and 
liver cancer development. This is of interest in a situation where selenium is used to prevent 
liver cancer in a patient with chronic liver disease. Sorafenib is today the only compound used 
for treatment of advanced liver cancer with any effect on the survival. It has been suggested 
that this compound should be used in patients that has gone through a liver resection to 
remove the liver cancer. We have looked at the effect of sorafenib on the non-neoplastic 
growing hepatocyte. Finally we have investigated thioredoxins and glutaredoxins, proteins 
involved in cellular oxidative defense that could be involved in the resistant phenotype of liver 
cancer and have been suggested as potential markers for liver cancer. 

 

1.1 THE CELLS OF THE LIVER  

1.1.1 Parenchymal cells 

The hepatocytes build up the liver parenchyma and constitute the functional units of the liver, 

and are therefore named “liver parenchymal cells”.  
The hepatocytes are relatively large in size compared to other cells in the liver. About 80% of 
the liver volume is composed of hepatocytes, but in numbers, hepatocytes constitute only 
around 60% of the total number of cells. The shape of the nucleus of the hepatocyte is 
spherical and contains one or more nucleoli. About 25% of the hepatocytes are binuclear in an 
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adult healthy liver. The functions of the hepatocytes display a broad variety and they are one 
of the most complex and metabolically diverse cells in the body. They synthesize plasma 
proteins, glucose, lipoproteins, cholesterol, phospholipids and fatty acids. They take up, store 
and control the release of nutrients into the circulation. Through the bile secretion they help 

to digest and absorb dietary fats and furthermore they degrade, detoxify and excrete 
exogenous and endogenous compounds.  The work load of the liver is under strict control and 
adapts to the need of the organism in a fine-tuned way. The mechanisms or adaptation 
includes hyperplasia and involution as well as hypertrophy and atrophy. 
The hepatocytes are very rich in organelles such as endoplasmic reticulum (ER), mitochondria, 
lysosomes and peroxisomes. The ER is highly active and has many different functions in 
hepatocytes such as synthesis of structural membrane proteins, proteins and glycoproteins for 
secretion into the blood, metabolism of fatty acids, triglycerides and phospholipids, 
metabolism and production of cholesterol, metabolism of xenobiotics, ascorbic acid synthesis 
and degradation of heme. Heme is an important component of cytochromes and is 
synthesized by the granulated rough ER (RER) with ribosomes attached in polysome groups. 
The brown color of the liver is due to the high content of heme. Bilirubin will be conjugated by 
the hepatocytes to glucuronic acid and subsequently secreted into the bile. 

There is more of rough ER (RER) in hepatocytes compared to smooth ER (SER) which are not 
coated with ribosomes. While RER is responsible for protein synthesis, endogenous as well as 
proteins for export, SER contain enzymes for drug metabolism, biosynthesis of cholesterol and 
conversion of cholesterol to bile acids. SER is also involved in posttranslational modifications of 
proteins, such as glycosylation and formation of lipoproteins. 
The functional heterogeneity is facilitated by the morphology of the hepatocytes i.e. the 

exocrine function with secretion of bile to the canaliculus, as well as the endocrine function 
that involves the synthesis of proteins and other compounds that enter the sinusoids.  

 

1.1.2 Non-parenchymal cells 

The non-parenchymal cells (Kupffer cells, stellate cells, endothelial cells, bile duct cells, 
fibroblasts and lymphocytes) constitute approximately 40% of cells in the liver. Kupffer cells 
are specialized macrophage-like cells that are important in the phagocytosis and break-down 
of cell debris. Like other reticuloendothelial macrophages they lyse red blood cells and heme 
and the globin chains are catabolized into polypeptides for re-use and heme is broken down 
into biliverdin and iron. Biliverdin will be further converted to bilirubin and iron will be bound 
to transferrin for transport or to ferritin for storage (see the iron section on page 17). Like 
other immune cells Kupffer cells play a role in the defense against infections and they respond 
highly to acute-phase proteins. They also play important roles in signaling during liver 
regeneration and inflammation and release a variety of immunoregulatory compounds like IL-
1, IL6, TGFβ and TNFα. They also express MHC class II molecules and they process and present 
antigens to lymphocytes. 
The stellate cells are pericytes which also are called Ito cells or fat-storing cells. These cells are 
found in the space of Disse; they store vitamin A under normal conditions and form 

extracellular matrix like laminin, collagen type IV and fibronectin. They also regulate the tonus 
in the sinusoids and thereby regulate the blood flow. In response to liver damage they are 
activated, transforms into myofibroblasts and form scar tissue by changing their components 
of secreted matrix proteins to collagen type I and III and simultaneously break down the 
normal matrix proteins. By these mechanisms stellate cells are involved in the formation of 
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fibrosis and eventually cirrhosis in chronic liver disease. The sinusoidal endothelial cells are the 
cells lining the sinusoids in the liver, and in contrast to endothelial cells in capillaries in other 
tissues they lack a basement membrane and are fenestrated to facilitate passage of molecules 
[1]. In cirrhosis, the fenestrations are lost, and fibrotic tissue in the space of Disse reduces the 

exchange of metabolites between the blood and hepatocytes (Figure 1). 
 

Figure 1.  A simplified picture of the microscopic architecture of the liver sinusoid in a normal 
condition and in fibrosis. The upper panel demonstrates normal hepatocytes with microvilli, 
gap junctions and tight junctions. The stellate cells and the Kupffer cells are inactive, the 
extracellular matrix is normal, and there are fenestrations between and through the 
endothelial cells. The lower panel demonstrates a fibrotic liver; the microvilli of the hepatocytes 
are lost, the activated stellate cells have been transformed to myofibroblasts and produces 
collagen. The Kupffer cells will also migrate to the damaged area and release cytokines that 
will further enhance the inflammation.  

 

  

1.1.3 Hepatocellular metabolism 

The liver is the major site for protein and amino acid metabolism in the body and the uptake of 

ingested proteins starts by degradation in the gastro-intestinal tract. Proteins are cleaved to 
shorter chains by proteolytic enzymes and will by efficient hydrolysis yield free amino acids. 
The amino acids are absorbed by the gut mucosa and transported to the liver via the portal 
vein. Humans have the capacity to synthesize 10 of the 20 amino acids needed to build up 
proteins. Those 10 amino acids that we cannot make ourselves are thus essential and have to 
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be ingested via the food. About 400 g of protein is turned over daily in a normal-sized man 
where 75% is degraded and recycled through constituent amino acids [2]. The remaining 25% 
is degraded via oxidation or converted into glucose.  
 For the uptake of amino acids into the hepatocyte there are several sodium-dependent 

membrane transport systems on the sinusoidal side of the cell [3, 4].  The liver can also take up 
large proteins from plasma with a very efficient receptor-mediated endocytosis; for example it 
is estimated that one single hepatocyte can engulf 5 million molecules of asialoglycoprotein 
per hour [5, 6]. The endocytosed proteins are directed to the lysosomal compartment for 
further degradation. Examples of proteins that are taken up either via specific receptors or by 
fluid-phase endocytosis are: IgA, EGF, TGFβ, low-density lipoproteins (LDL) asialoglycoproteins, 
hemopexin, albumin and immunoglobulins. 
The liver synthesizes the essential amino acids needed and it produces and secretes more than 
90% of circulating plasma proteins, the most prominent of which is albumin. The hepatocytes 
also produce enzymes, receptors, membrane channels and transport proteins to be used 
within the cell. Other plasma proteins that are secreted by hepatocytes are blood clotting 
factors, ceruloplasmin and α-1-antitrypsin to mention some. 
Ingested fatty acids, mostly triglycerides, are broken down to free fatty acids and 
monoglycerides by pancreatic lipase to allow absorption by the intestine. Once inside the 
body they will be reformed into triglycerides and package with apoproteins and cholesterol 
into blood-soluble complexes called chylomicrons. The chylomicrons move across the blood 
vessel membrane and into the bloodstream. These complexes will bind to the membranes of 
hepatocytes, adipocytes and muscle fibers and will within the cells be either oxidized 
forming CO2  and ATP or stored as fat droplets in adipose tissue. Free fatty acids (FFAs) are 
transported to the muscles via serum albumin as an energy source. Also, free fatty acids are 
transported from splanchnic adipose tissue via the portal blood into the liver. Once in the 
liver, FFAs are either oxidized by mitochondria to yield energy or together with glycerol form 
triglycerides as part of very low density lipoproteins (VLDL) synthesis. Excess lipids form 
triglyceride-containing lipid droplets in the cytoplasm of the hepatocytes, a condition named 
fatty liver if the fat content exceeds 5 % of the liver volume. 

 
 
 
1.2 LIVER REGENERATION 

Liver regeneration is a process where lost or damaged liver tissue is replaced to restore the 
functional liver mass. Since the liver is the major organ in the body with detoxifying features, 
the regenerative capability is most likely a result of an evolutionary adaptation to a toxic 
environment on earth.  Liver regeneration occurs as a response to cell damage due to toxic 
injury, necroinflammation or after cell loss (e.g. resection) and the first cells to respond are the 
hepatocytes. 
What triggers regeneration and what are the underlying mechanisms? Hepatocyte cell 
proliferation may be induced by chronic repair in an inflammatory environment, or when the 

liver is exposed to toxins (such as drugs or alcohol). The liver can increase its capacity in 
detoxification by increasing its functional mass via cell renewal –hyperplasia - or by an 
increased size of existing cells –hypertrophy. Hypertrophy may occur transiently after 
resection or after major cell death as a functional compensation before the existing 
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hepatocytes or progenitor cells have been able to proliferate [7].  Hyperplasia on the other 
hand, is the fundamental feature during liver regeneration, and an effect of enhanced cell 
proliferation. The changes in the tissue homeostasis leading to liver regeneration are of crucial 
significance for the organism. However, in all tissues with a high cell proliferation there is an 

increased risk for genetic changes and mutations to occur. Also, the liver is exposed to 
additional oxidative stress in a toxic environment, increasing the risk of cellular damage. 
Agents that may cause liver damage and trigger increased cell proliferation are chronic 
exposure to alcohol, hepatitis virus, iron overload and aflatoxin. Combinations of some of 
these agents can further aggravate the cell damage, such as hepatitis C plus alcohol [8] or 
hepatitis B plus aflatoxin.  
Another major event inducing liver regeneration is surgery, in particular liver resection. Higgins 
and Anderson described the regeneration after partial hepatectomy (PH) already in 1931[9]. In 
the rodent PH-model two-thirds of the liver is surgically removed and the remnant liver 
enlarges until the initial mass is reached [10]. The liver mass is reconstituted in approximately 
5-7 days in rats, and a peak of regenerative activity is seen during the first 3 days after which 
most hepatocytes become quiescent again [11].  Twelve hours after hepatectomy the majority 
of the hepatocytes enters the S-phase and reaches a peak at 24 hours. A complete restoration 

of liver mass requires 1,6 cycles of DNA in all cells, including non-parenchymal cells in which 
DNA synthesis occurs later compared to that seen in hepatocytes [12].  
Basically the same mechanisms of regeneration take place during recovery in a liver exposed 
to toxic cell damage or hepatitis, and after experimentally triggered regeneration following PH, 
except for one major difference. In the rodent PH model, the two biggest lobes are removed 
by ligation of separate liver lobes, leaving the three small remnant lobes to regenerate without 

any damaged tissue and thus no necrosis or apoptosis. In a human liver under toxic stress 
there will be both necrosis and apoptosis and subsequently regeneration to compensate for 
that loss. A new term has appeared to describe the phenomenon of liver regeneration in liver 
tissue homeostasis: “hepatostat”, meaning to explain the vital functions of the liver in relation 
to the needs of the body [13]. 
The expression “liver regeneration” is somewhat misleading since the liver mass and 
functional capacity but not shape is restored. A more correct term would be compensatory 
hyperplasia, since the tissue is replaced by the vast cell proliferation of the remnant lobes in 
which virtually all of the cells will replicate. The regeneration stops when the organism´s 
demands are fulfilled.  
Liver regeneration can be described as different processes which do not exclude one another. 
They may occur in different proportions depending on the extent of the loss of tissue and to 
what extent liver proliferation is impaired.  
The different models described include 1) replacement of tissue loss where each cell type 
replicates to replace its own cellular compartment, 2) replacement of liver tissue by activation 
of transdifferentiation pathways originating from facultative stem cells, 3) an increase in liver 
size known as augmentative hepatomegaly, where an increase in size above baseline is seen 
[15].  
Liver regeneration is complex and is orchestrated by several different pathways involving both 

intrinsic and extrinsic signals, growth factors and cytokines. 
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1.2.1 Initiation of cell proliferation 

Studies of signaling events after PH have been going on for more than two decades and 
experiments intended to completely eliminate single pathways have not revealed any explicit 
pathway to be totally vital for regeneration to take place. It is rather a series of events and 

combinations of intrinsic and extrinsic signaling pathways that together orchestrate the 
initiation of liver regeneration. 
It is important to keep in mind that after a 2/3 PH the remnant liver lobes are subjected to 
most of the portal blood flow that previously supported the whole liver, meaning that the 
remnant liver lobes are exposed to an increase load of  nutrients and other factors, including 
growth factors. It has been seen that when the portal circulation was partly diverted from the 
liver, the regeneration was delayed and the levels of hepatocyte growth factors were 
decreased [16]. In a canine-model of PH where the whole portal blood flow was bypassed 
using a portacaval shunt, liver atrophy occurred, but once the portal flow was re-established 
the size was completely restored [17].    
 
 
1.2.2 Intracellular signals 

One of the intrinsic signaling pathways involves the activity of the urokinase-type plasminogen 
activator (u-PA), an enzyme produced by hepatocytes. A protease cascade starts where all 
steps contribute to remodeling of the extracellular matrix. Hepatocyte growth factor (HGF) 
which is a complete mitogen (see below) is also activated by u-PA and activated HGF further 
increases the expression of u-PA. Both of these above mentioned mechanisms functions as 

mitogenic signals for hepatocytes in liver and the increase in u-PA activity is the earliest 
biochemical change documented in the regenerating liver [18-20].  
Beta-catenin, another protein in the intrinsic signaling pathways of early liver regeneration, 
migrates into the nucleus very short after PH. In the nucleus it dimerizes with proteins 
belonging to the Tcf family of transcription factors thus initiating transcription of cell cycle 
associated genes [21].The presence of beta-catenin is increased in the nuclei of hepatocytes 
already 5 minutes after PH and remains there for more than 24 hours [22]. Mice lacking beta-
catenin show insufficient liver regeneration [23]. 
Yet another rapid actor is Notch, a transmembrane protein that after binding to its ligand and 
the intracellular domain of Notch is cleaved off will migrate into the nucleus. This occurs about 
15 minutes after PH and induces transcription of Notch-dependent genes. Deficient rat liver 
regeneration has been observed when Notch or its ligand has been inhibited [24]. 
 
 
1.2.3 Extracellular signals 

Extrinsic pathways (also called extra-cellular signals) can be divided in two main groups, based 
on their mode of actions. First, there are the complete mitogens that involve HGF and its 
receptor MET and EGFR with ligands (EGF, transforming growth factor alpha (TGFα), 

amphiregulin and HB-EGF)).  The complete mitogens causes enlargement of the liver in intact 
non-resected animals and are mitogenic for primary hepatocytes cultured in chemically 
defined and serum-free media.  Second, there are so called auxiliary mitogens that involve 
molecules that control the accurate timing of important transcription factors involved in 
events essential for initiation of liver regeneration, which include IL6, tumour necrosis factor 
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(TNF), norepinephrine, bile acids, leptin and more. Without any of the auxiliary mitogens the 
regeneration will be delayed but not totally impaired. Many of the signaling molecules 
belonging to both the complete and auxiliary mitogens rise in blood shortly after PH. There are 
studies showing synergistic effects between the complete and auxiliary mitogens. 

In rat cell primary cultures norepinephrine reinforces the mitogenic effects of EGF and HGF 
and also offsets the negative effect on mitosis of TGF-beta [25]. The role of TGF-beta during 
liver regeneration is intriguing and was shown to inhibit proliferation in cell culture but 
enhances at the same time the motility of the hepatocytes. TGF-beta is expressed by stellate 
cells. There is no evidence that hepatocytes express it, but hepatocytes have receptors on its 
surface responding to it and most of hepatocarcinomas produces it [26].  
 
 
1.2.4 Interleukin 6 

The IL6 is a well-known cytokine that belongs to the innate immune system and is one of the 
acute-phase proteins. It is produced by macrophages, endothelial cells and T-cells in response 
to infection and tissue injury [27]. The level of IL6 is rapidly increased in the liver after PH and 
can be detected in plasma just a few hours after surgery. This pro-inflammatory cytokine 
stimulates secretion of other acute-phase proteins produced by the liver, it stimulates B-
lymphocytes to produce antibodies and in concert with IL1, IL6 activates T-cells. Circulating IL6 
binds to a soluble receptor and forms a complex. The IL6 –receptor complex binds to gp130 
which is a receptor on the plasma membrane of cells including hepatocytes [28]. When the 
complex binds to the gp130 receptor it will lead to an activation of the JAK/STAT signaling 
pathway [29].  STAT3 will be phosphorylated by JAK, translocate to the nucleus and there 

function as a transcription activator and a mediator of expression for several genes involved in 
cell growth.  When IL6 is knocked out in mice, liver regeneration is delayed because of a 
decrease in expression of STAT3 which is a key molecule in hepatocyte proliferation [30]. 
 
The involvement of TNFα in liver regeneration was first described 1992 when neutralizing 
antibodies was used against the molecule and liver regeneration was delayed [31]. The plasma 
levels of TNFα are raised shortly after PH and by assisting in NFκB activation with an unknown 
mechanism will promote cell proliferation [32]. An overview of the induction of the signaling 
machinery after 2/3 PH in rats is outlined in figure 2. 
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Figure 2. A schematic and simplified view of the complex signaling cascade that follows a partial 

hepatectomy. A complex orchestration of several signaling molecules and their respective pathways will 

simultaneously drive the hepatocytes towards proliferation quickly after partial hepatectomy in order to 

compensate for the lost liver tissue and to restore the functional liver mass. 

 

 

 

 

1.2.5 Termination of liver regeneration  

The regeneration stops when the liver has reached 100% of its original size and can fulfil the 
demands of the organism. The mechanisms lying behind termination are not as extensively 
studied as the initiating mechanisms, but the processes seem to be as complex. There is 
evidence of an increased number of hepatocytes at the end of regeneration and that a small 
wave of apoptosis occurs to adjust the number [33].  

 

1.2.6 Role of the facultative stem cells in regeneration 

A stem cell is a cell that has the ability to continuously divide and differentiate into various 
other kinds of cells.  In the liver, hepatic progenitor cells (HPCs), also named oval cells, are 
proposed to reside within the Canals of Hering into which the bile produced by the 
hepatocytes is drained. The normal liver regenerates through proliferation of mature 
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hepatocytes, but in chronic liver injury this capacity may become lost or impaired. As an 
alternative for restoring lost liver mass the bipotential HPCs can give rise to both hepatocytes 
and biliary epithelium [7].  However, the HPCs may also be a potential source of liver cancer 
[8]. The underlying molecular mechanisms for activation of HPCs are not yet known. In 

transgenic mice an overexpression of a member of the TNF-family of cytokines was found to 
stimulate oval cell proliferation [9] and also a hepatocyte-specific deletion in a tumour 
suppressor gene was found to result in a progressive expansion of oval cells [10]. However, if 
these factors contribute to a direct stimulation of oval cells is still unclear and the exact 
mechanism remains to be further elucidated.  

 

 

 

1.3 HEPATOCELLULAR CARCINOMA 

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and accounts 
for around 6 % of all human cancers worldwide. It is the fifth most common cancer worldwide 
and the third most common cause of cancer-related death after lung and stomach cancer [11].  
The prevalence is highest in Asia and sub-Saharan Africa which can be explained by the linkage 
to the endemic hepatotrophic viruses like hepatitis B and C viruses, which both are important 
factors in the development of HCC. However, vaccination programs against HBV are currently 
going on in many parts of the world, which will reduce the risk and incidence of HCC in the 
future [12]. In the western world the yearly incidence is lower but rising where excessive 
alcohol ingestion and obesity are plausible factors to the increasing number of HCCs [13].  
Synergistic effects have been reported between obesity and alcohol abuse and the 

development of HCC [14]. Also interactions between alcohol ingestion and hepatitis C have 
been observed to aggravate the liver disease [15]. 
Other risk factors that are linked to HCC are aflatoxin-contaminated food, and inherited 
metabolic disorders like hemochromatosis and glycogen storage disease. In 80% of all cases 
HCC has developed from an underlying liver disease that has led to liver cirrhosis or chronic 
inflammation. In patients with HCV and excessive alcohol intake the risk is potentiated. The 

risk of getting HCC is 2-4 times higher for men compared with women. 
 
 
1.3.1 Pathogenesis 

 

Carcinogenesis is a multistep process 
Generally, carcinogenesis is described as a multistep process that starts in a single cell and that 
will ultimately lead to a malignant tumor. The molecular steps of hepatocarcinogenesis are not 
yet fully understood, and no dominant pathway of the development has been revealed. 
Evidence suggest that chronic liver damage and inflammation will lead to an oxidative 
environment mediated by free radicals and inflammatory cytokines that together with chronic 
repair processes may be of importance for the carcinogenic process. In experimental 

hepatocarcinogenesis on rat liver this multistep process has been defined. The first step, 
initiation, starts with formation of DNA-adducts changing the molecular structure of certain 
genes, (genetic alterations), the majority of such alterations are eliminated through the DNA-
repair machinery within the cell within the first 24 h. If cell division in a cell occurs before DNA 
repair is complete, the molecular alteration of the DNA-base can cause a false transcription 
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giving rise to genetic alterations in the daughter cell, which now carries a mutation. In the next 
step, promotion, the initiated cells will by their growth advantage over normal cells in the 
presence of a toxic promoter proliferate and by clonal expansion form pre-neoplastic foci.  
The preneoplastic cell is dependent on a promoter for further development and represents a 

reversible stage of the development providing that the promoting agent or other 
circumstances that selects for growth of initiated cells are removed, for example clearance of 
hepatitis virus or avoidance of alcohol. A promoter is any agent creating a selective pressure 
that favors the cells that have acquired a resistance to the mitoinhibitory effect of the 
promoter. The preneoplastic cells cannot yet be defined as tumour cells but rather as cells 
adapted to a toxic environment possessing a growth advantage that will allow cells to grow, 
when normal cells do not. This adaptation has been crucial for survival in toxic environments 
and is frequently seen in cancer development and classified as dysplasia or intraepithelial 
neoplasia. Eventually the pre-neoplastic cells will by further mutations lose their ability to 
reverse to normal tissue and therefore become neoplastic. Finally, in the progression step, 
multiple alterations at the genetic level will occur in the growing cells and further clonal 
expansions and selection of cells with growth advantage will give rise to cell populations with 
the malignant growth pattern and phenotype. The phenotypic alterations described in the 

preneoplastic cells are multi-genetic and complex and referred to as the resistant phenotype 
[16]. In this thesis we used the Solt and Farber model for chemically induced carcinogenesis in 
rat liver (paper II). In this model initiation and promotion are achieved using chemical 
carcinogens in combination with mitoinhibitory agents and regenerative stimuli [17].  See 
methods. 
 

Studies have shown that defective DNA mismatch repair, telomerase activation and induction 
of angiogenic and growth factors can contribute to the transformation of liver cells [18-20]. 
The knowledge of growth factor activation is incomplete but some are thought to be involved 
in one or more steps in hepatocarcinogenesis. Expression of insulin growth factor II -a factor 
that is active in the fetal liver and then silenced – has been noted in both animal models of 
liver cancer and human HCCs and was also suggested as an early marker [21-24]. During liver 
regeneration transforming growth factor alpha (TGF-α) is proposed to have a direct 
stimulating effect of DNA synthesis, and in a clinical study, 65 % of the patients was shown to 
have elevated levels of tumour TGF-α in the urine and the growth factor has in addition to that 
also been found to be overexpressed in the majority of HCCs [25-27]. In a rat study, the 
expression of TGF-α was increased and was suggested to have a promotive role in the liver 
carcinogenesis [28] . Oncogene activation of particularly the ones belonging to the ras-family 
has been found in animal hepatocarcinogenesis models whereas in humans no uniform 
pattern of activated proto-oncogenes has been seen [29-33].  
The importance to understand the growth-regulation on a molecular level is of great value for 
understanding cellular events involved in transformation of hepatocytes and may be helpful to 
improve preventive strategies and novel therapies for hepatocellular carcinoma. 
 
1.3.2 Drug metabolism 

The metabolism of drugs in the hepatocytes involves three major steps. In the first step, called 
phase 1, harmful substances are detoxified by some of the cytochrome p450 supergene family 
of proteins. This step generates reactive intermediates since CYP 450 adds a reactive group, 
often a hydroxyl radical to the compound being bio-transformed. To protect the cell from the 
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now activated compound, a phase II conjugating reaction occurs. This step makes the 
intermediate compound water-soluble to facilitate excretion from the body. Several types of 
conjugation molecules are present in the body and the reactions include glucuronidation, 
sulfation, and glutathione and amino acid conjugation. Excretion of drugs often referred to as 

phase III of drug metabolism are mediated by membrane drug pumps, in the hepatocytes 
often associated with the bile canalicular plasma membrane. 
In the resistant phenotype these drug metabolizing systems are altered, making the cells more 
resistant to toxicity and oxidative stress. The phase I, CYP450 reactions, are slowed down while 
the phase II conjugating processes are increased. As a consequence less toxic intermediates 
will form and the excretion of water soluble compounds will increase. In addition, levels of 
several antioxidants are increased such as the lipid-soluble membrane associated ubiquinols, 
the water soluble glutathione, SOD, catalase and thioredoxin to mention some. Another early 
alteration is the inactivation of p53 preventing it to enter and act in the nucleus [34]. 
P-glycoprotein also known as multidrug resistant 1 (MDR1) is an ATP-driven drug efflux pump 
with a broad substrate specificity for xenobiotics. This pump decreases drug accumulation in 
multi-drug resistant cells and contributes further to the development of resistance to 
anticancer drugs. [35]. Expression of the multidrug resistant genes MDR1 has been found in 

many cancers including liver cancer. A clinical study showed that MDR1 was overexpressed in 
patients with untreated liver cancer [36].  
Since the cancer cells have acquired efficient ways to detoxify harmful substances there is a 
challenge to develop new regimens for the treatment of HCC.  

 

Figure 3. Schematic picture of cancer development. Not surprisingly the picture of what is 
known today about HCC development displays a large heterogeneity on the basis of the genetic 
instability and  its mixed etiology [37]. However, in patients with alcohol abuse, hepatitis 
infection or certain metabolic diseases hepatic transformation occurs in the context of chronic 
liver injury, regeneration and cirrhosis, conditions which may lead to oxidative DNA damage 
and subsequently genetic alterations such as chromosomal rearrangements leading to loss of 
heterogeneity and inactivation of tumour suppressor genes, for example p53 [38]. 
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Figure 4. Chronic liver injury and chronic repair may lead to tumour development. 

The regenerative growth factors expressed during chronic liver repair, together with the complex 

environment of oxidative components and co-existing cell proliferation will together support liver 

tumour development [39]. This whole series of events may take decades from the initial infection or 

initial exposure to harmful agents until manifestations of the tumour disease. The majority of human 

liver cancers develop in a cirrhotic liver, and if an underlying viral hepatitis exists, interactions between 

the virus and the host immune reactions may lead to chronic necroinflammation. 
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Figure 5. Staging of HCC as suggested of BCLC (Barcelona Clinic Liver Cancer). Adopted from Llovet JM, 

Burroughs A, Bruix J. Hepatocellular carcinoma. Lancet, 2003, 6;362(9399):1907-1917).  

 

 
 
 
 
1.3.3 Diagnosis and treatment  

One important problem with HCC is its asymptomatic progression; patients can go for a long 
period of time with a silent malignant disease and eventually when the tumour burden is so 
high that symptoms arise, the disease has progressed to an advanced stage. The liver has a 
profound capacity to compensate for loss of function and early symptoms are sparse and un-
specific [40]. If a tumour eventually interferes with bile ducts, serum bilirubin will increase and 
jaundice (yellowing of the eyes and skin) arise. Patients with a known chronic liver disease and 
cirrhosis are often included in surveillance programs with repeated ultrasound investigations 
to detect tumors at an early stage and possibly offer a curative treatment such as liver 
transplantation, resection or radiofrequency ablation.  
Staging of tumours is of paramount importance in order to offer the most appropriate 
treatment available. This applies to all types of cancer, but in the case of HCC, this is 
particularly difficult given the degree of the underlying liver disease in combination with the 

patient's general condition. For this purpose several staging systems have been developed, the 
most widely used of which is the BCLC (Barcelona Clinic Liver Cancer) system. 
Treatments of HCC can be divided in three groups: curative treatment, palliative treatments or 
best supportive care. The first group involves transplantation, resection and local ablative 
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treatment. The palliative treatments include transarterial chemo-embolization (TACE) and 
systemic treatment with sorafenib or internal or external radiation. The treatment in the latter 
group aims to alleviating the symptoms of the disease and increase survival. 
Patients with early diagnosed HCC may thus be subjected to hepatic resection, transplantation 

or local ablation for potentially curative purposes. Even though patients with liver cirrhosis are 
surveyed with ultrasound, the majority of tumours are still diagnosed at an intermediate or 
advanced stage [41]. Tumours discovered at an intermediate stage can be treated with 
transarterial chemoembolization (TACE) [42],  whereas to date the only treatment proven to 
prolong life for patients with advanced HCC is the multikinase inhibitor sorafenib [43].  
Sorafenib is a low weight molecule that inhibits phosphorylation of serine/threonine kinases 
like Raf-kinases and receptor tyrosine kinases such as vascular endothelial growth factor 
receptor (VEGFR) and platelet derived growth factor beta receptor (PDGFR-β) thus preventing 
cell growth promoting pathways and angiogenesis by inhibition of genetic transcription. 
Sorafenib was approved by Food and Drug Administration (FDA), in 2005 for kidney cancer and 
2007 for treatment for non-resectable HCC [44].    

 

 

 

1.3.4  Sorafenib  

1.3.4.1 Modes of action 

The signaling pathway Raf/MEK/ERK is a positive proliferative signaling cascade that results in 
the activation of ERK 1/2 and is activated by growth factors like EGF, PDGF, VGF and cytokines 

like IL6 and TNF-α. Sorafenib inhibits this cascade at the level of the serine/threonine kinase 
activity of Raf and also the receptor tyrosine kinase activity of VGFR-2 and PDGFR-b (fig 5). 
Sorafenib binds to the ATP binding site on its targets thus preventing the receptor kinases 
from binding ATP and to phosphorylate their respective substrates. There are other 
substances today that also prevent the above mentioned targets, while sorafenib is the only 
drug that also targets the Raf/Mek/Erk pathway. 
Sorafenib can function as inhibitor, antagonist and/or substrate and over 20 molecules have 
been revealed as targets for the actions of sorafenib [45] . It inhibits Raf proto-oncogenes 
serine/threonine kinases and several isoenzymes in the CYP450 family of proteins as well as 
transporter proteins like multidrug resistance-associated protein 4 and MDR1 [46, 47]. 
Moreover sorafenib is a substrate for some CYP450 and UDP glucuronosyltransferases and an 
antagonist for VEGFR2 and 3, FL cytokine receptor, beta PDGFR and Mast/stem cell growth 
factor receptor (KIT). 
 
 



15 

 

 

 

 

Figure 6. Schematic picture of mechanisms of the multi-kinase inhibitor sorafenib. Phosphorylation of 

tyrosine kinases of growth factor receptors are inhibited as well as inhibition of Ras in the 

Ras/Raf/Mek/ERK pathway. Inhibition of these pathways will slow down cell proliferation and 

angiogenesis.  

 

 

 

1.3.4.2 Biotransformation and elimination 

The clearance of sorafenib is primarily performed by the liver; the drug is oxidized by CYP3A4 
and glucuronidized by UGT1A9 and the elimination half-life is 25-48 hours. Sorafenib 
conjugates may be degraded in the gastrointestinal tract by bacterial glucuronidase activity 
which allows reabsorption of the unconjugated drug. The UGT1A9 is a gene that encodes for 
UDP- glucuronosyltransferase, which is an enzyme that converts lipophilic molecules to water 
soluble excretable metabolites. Five of eight identified metabolites have been found in plasma. 
Of these metabolites, the pyridine N-oxide comprises of 9-16% of the circulating analytes and 

show a potency similar to that of sorafenib in vitro. Steady state of plasma concentrations of 
sorafenib is reached within 7 days [48].  Common side effects of sorafenib are diarrhea, hand 
and foot syndrome, weight loss, fatigue and hypertension.  
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1.4 IRON 

1.4.1 The neoplastic phenotype and iron 

In many neoplastic cells iron metabolism is altered [49].  These alterations in iron regulation 

often coincide with increased proliferation and may thus contribute to disease progression 
[50]. One feature of pre-neoplastic liver cells is that despite their higher uptake, they are 
depleted in ferritin- bound iron and appear iron-free on histological sections. The turnover in 
tumours is high and they require a lot of iron but have very low levels of iron stored. The 
tumour cells increase their expression of TfR1, thus facilitating a high iron uptake to meet the 
high demands of iron in a malignant fast and autonomously growing cell. 
Iron free dysplastic foci have been described in several studies in patients with 
hemochromatosis and in animal models of iron overload [51, 52].  
One of the alterations seen in neoplastic cells are elevated levels of TfR1 indicating a higher 
demand for iron for tumour cell survival [53]. Another alteration was seen in a breast cancer 
study, where tumour cells had lower levels of ferroportin (FPN), the cellular iron exporter, and 
higher levels of hepcidin, the iron hormone, thus blocking release of iron from the cells. In this 
study there was a correlation between low levels of FPN and a bad prognosis [54].  
Ferritin is not only an intracellular molecule, but also exist extracellularly and is believed to 
deliver iron to some extent, and the levels of ferritin have been reported elevated in some 
tumour tissues and may promote angiogenesis [55, 56].  
 
 
1.4.2 Iron and iron metabolism 

As an essential trace element, iron is crucial for life and as a component of different 
metalloproteins it participates in important cellular activities. These proteins include 
hemoglobin, myoglobin, catalase and cytochrome P450 [57]. Iron can also act as a cofactor of 
metalloproteins and is required in enzymatic processes involved in metabolism, cell respiration 
and DNA-synthesis [58]. The iron needed to meet demands from cells and tissues is 
transported to the cells as transferrin-bound iron in the plasma. The level of iron in plasma 
mirrors the absorption of dietary iron by duodenum and also the release of iron mainly from 
macrophages that stores iron. The macrophages in the spleen break down red blood cells and 
hence iron can be recycled. The total amount of iron that is lost and has to be added is 1 
mg/day for men and 1.5-2mg/day for women. Most of the 4-5 g iron bound to cellular 
enzymes or in iron stores is recycled. There is no excretion pathway more than a small amount 
that is lost through shedding of cells of the skin and the mucosal cells of the gastro-intestinal 
tract.  
The uptake of iron starts on the brush border of the enterocytes in duodenum where inorganic 
Fe3+ iron is reduced to Fe2+. The ferrous iron is then transported into the enterocyte via the 
divalent metal transporter 1 (DMT1). Once inside the cell the iron can bind loosely to iron 
chelators like citrate or more tightly to ferritin. Iron is reconverted into the ferric form, by the 
ferroxidase property of ferritin [59]. For transportation to the bloodstream ferrous iron is 

transported via the transmembrane transporter ferroportin (FPN) and is directly converted to 
the ferric form by heaphestin outside of the basolateral membrane of the enterocyte. After 
oxidation the ferric iron is bound to transferrin for further transportation [60]. 
The uptake of iron from blood to hepatocytes can occur in several different ways [61].  The 
most important iron-binders are transferrin and citrate and the uptake of iron from transferrin 
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is well understood involving TfR1 and 2. However, the mechanisms of non-transferrin (NTBI) 
bound iron is still poorly understood [62].  
 
1) Receptor-mediated endocytosis of transferrin via the high affinity receptor transferrin 

receptor 1 (Tfr1). First, diferric transferrin binds to the receptor at the cell surface of the 
hepatocytes [63]. Clusters of bound receptors are formed and the cell membrane is 
invaginated and pinched off and results in clathrin-coated vesicles that will fuse with 
intracellular vesicles. At this point endosomes with low pH (5,5) have been formed and the 
iron can be released from its carrier [64]. The iron is reduced to the ferrous form, enters the 
cytosol and is bound to ferritin for storage. The receptor-apotransferrin complex is recycled to 
the cell surface and the apotransferrin is released.  
 
2) The second way most likely involves Tfr2 and is a low-affinity process with endocytosis of 
diferric transferrin, delivery of the iron to the cell and then a recycling event of transferrin back 
to the plasma membrane similar to Tfr1 [65]. TfR2 seem to have an iron-sensing and hepcidin-
modulating role rather than iron uptake [66].  

 

3) Fluid-phase endocytosis. Transferrin-bound iron can also be picked up by a non-endosomal 
pathway, something that was seen in isolated hepatocytes [67]. This pathway involves a 
NADH-dependent oxidoreductase for reduction of ferric iron. The electron flow across the 
membrane is leading to a lowered pH locally at the cell-surface, reducing the affinity of iron to 
transferrin and ferrous iron crosses the cell membrane by a mechanism that is still unknown. 

 

4) The current model for the cellular uptake of NTBI involves a ferrireduction by trans 
membrane ascorbate (Asc) cycling. Extra cellular Asc reacts with NTBI resulting in Fe2+ and 
dehydroascorbate. The divalent iron is then taken up by the cell via DMT1 or another ferrous-
selective transporter called Zip14 [68-70].   

 

5) Heme iron is taken up by the enterocytes via the heme carrier protein (HCP1). Within the 
cell iron is released from heme via the action of the enzyme heme oxygenase [71]. 
 
6) Hepatocytes can also be provided with iron from circulating ferritin molecules by specific 
receptors [72]. 
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1.4.3 Hepcidin, the master iron-regulatory hormone 

Since there is no way to excrete and get rid of iron from 
the body, the uptake must be strictly regulated. In 2004 
the peptide hormone hepcidin was discovered and is today 
recognized as the major regulator of iron homeostasis and 

metabolism. Hepcidin is synthesized by the liver and is 
circulating in the plasma after its secretion. The peptide 
reduces both uptake and release of iron by binding to the 
iron efflux protein ferroportin (FPN) on enterocytes and 
macrophages leading to its internalization and blocking 
iron export. Expression of hepcidin is induced by high iron 
levels or as a response to inflammatory cytokines such as 
IL6 [73, 74]. 
The iron-sensing pathway of hepcidin induction is complex and involves Tfr1 and 2, bone 
morphogenetic proteins (BMPs), the hemochromatosis gene (HFE), hemojuvelin (HJV) and 
Smad4. A central regulator in this pathway is HJV which is an iron-specific ligand of the BMP 
receptor leading to sensitization of BMPs [75]. Transcription of hepcidin is regulated via BMPs 
induction of Sma- and Mad related protein 4 (SMAD4) which in turn regulates a cascade of 
several Smad proteins [75].  
The HJV/BMP/SMAD4 pathway interacts with Tfr1, Tfr2 and HFE. In collaboration with Tfr1 
and 2, HFE detects the levels of holotransferrin in plasma and when iron levels are high iron 
will bind with high affinity to Tfr1, where upon HFE can interact with Tfr2. This interaction on 
the cell surface of the hepatocyte will increase the BMP/SMAD4 signaling and lead to 
activation of transcription of hepcidin [76]. 

The inflammatory pathway of hepcidin transcription induction involves interleukin 6 (IL6) and 
transcription factor of activation 3 (STAT3). There are evidence from several studies of at least 
one inflammatory cytokine to induce activation of transcription of hepcidin in both cells and 
animals [73].  

Figure 7. Uptake of iron in 

duodenum and transferrin-bound 

uptake of iron in hepatocytes. First 

ferric iron is reduced by DCytb on the 

surface of the enterocytes of the 

duodenum to ferrous iron to permit 

transport over the cell membrane 

via DMT1. In the enterocyte iron is 

either converted to the ferric form 

and stored in ferritin molecules or 

transported to the bloodstream via 

ferroportin. Iron is directly oxidized 

by heaphestin and bound to 

transferrin for further transport to 

the cells in the body.  

Each transferrin molecule can carry 

two ferric iron ions. The diferric 

transferrin binds to Tfr1 on the cell 

surface of the hepatocytes and is 

invaginated via endocytosis; the pH 

in the endosome is lowered by an 

ATP driven membrane proton pump 

which facilitates the release of iron 

from its transporter. The iron is 

reduced and passes through the 

membrane into the cytosol where it 

is stored in ferritin or utilized for 

cellular processes. 
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 During the acute-phase response of inflammation IL6 is released from macrophages and 
Kupffer cells, it binds to its receptor on hepatocytes and a signal goes via JAK/STAT to STAT 3 
and an activation of transcription of hepcidin is induced [77]. Cross talking between the 
JAK/STAT and the SMAD pathways have been suggested in fetal brain, and may be a possible 

process in the liver as well [78]. 
 
 
 
 
 
 

 
 

 

 

Figure 8. Simplified picture demonstrating the induction of hepcidin transcription via the  

1) inflammatory pathway involving IL6 and JAK/STAT and 2) the iron sensing pathway that involves 

diferric transferrin, Tfr1 and TfR2, HFE, BMP/HJV and SMAD4. Under normal conditions the interplay 

between these pathways are fine-tuned and strict. 
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Figure 9. A) Inflammatory induction of hepcidin via IL6 will lead to internalization of the iron exporter 

ferroportin (FPN). Hepcidin binds to FPN and degrade the protein leading to a block of release of iron 

from the enterocytes to the bloodstream and block of release of iron from macrophages. The levels of 

iron in plasma will decrease. B) Deactivation of induction of transcription of hepcidin. The right side in 

the picture shows an impaired expression of hepcidin due to mutations in HJV or HFE, as in hereditary 

hemochromatosis. The iron sensing pathway of transcription of hepcidin will be disturbed and the 

decreased expression of hepcidin will lead to iron overload.  
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1.4.4 Iron storage and regulation  

Although essential for life iron possess toxic properties in its free form and therefore 
organisms are equipped with a complex and carefully regulated machinery for storage of iron 

and regulation of iron homeostasis. Free iron is highly toxic to the cells and therefore the 
uptake as well as the storage is tightly regulated to avoid the fact that free iron can act as a 
catalyst in the formation of free radicals from reactive oxygen species (ROS). In the so-called 
Fenton reaction a hydroxyl radical is formed from hydrogen peroxide catalyzed by ferrous iron 
[79, 80]. 
The Fenton reaction: 
 
Fe2+ + H2O2   Fe3+  + OH- + •OH 
 
Ferritin, a protein synthesized by the liver is the major iron storage molecule within the cell, 
predominantly found in the cytoplasm and in lysosomes. Apo-ferritin consists of 24 iron 
binding subunits. Each ferritin molecule can therefore harbor thousands of ions of ferric iron 
[81]. The size of the ferritin is around 450 kDa and it is composed like a shell that surrounds a 
ferrihydrate moiety [82]. In addition ferritin has a ferroxidase activity and can accordingly 
convert ferrous iron to its ferric form. 
 The iron can also be bound to iron-regulatory-proteins (IRP) which becomes activated in iron 
deficiency and when iron demands are high will bind to iron-responsive elements (IRE) of 
mRNAs. This is a post-transcriptional regulation of iron uptake and storage. When intracellular 
iron stores are scarce,  activated IRP binds to iron-regulatory elements (IREs) which stabilizes 

the mRNAs of Tfr1 and DMT1 but blocks the translation of mRNAs of ferritin and FPN [83]. 
 
 
1.4.5 The role of iron in cancer development 

Despite its necessity for all cells iron in excessive amounts may lead to fatal toxicity. Since the 
liver is the major site of iron storage it is also in particular affected to the toxic effects of 
excessive iron. The catalytic process by which the toxic effects of iron occurs involves the 
enhanced formation of hydroxyl radicals via the Fenton reaction and may lead to peroxidation 
of membrane lipids of the lysosomes, the endoplasmic reticulum and the mitochondria and 
leading to organelle dysfunction and cell death [84-87]. In addition studies suggest that free 
iron has a direct hepatocarcinogenetic effect by the formation of ROS and oxidative injuries 
that are both mutagenic and carcinogenetic [88].  See more about free radicals under that 
section on page 24. 
In disorders, genetic or acquired, with disturbed iron regulatory machinery, patients are at risk 
for iron overload of parenchymatous organs like the liver. This is seen in patients with 
hereditary hemochromatosis (HH) which is the most common cause of iron overload in 
individuals of Northern European origin.  Excessive amounts of iron are absorbed from the gut 
and are primarily stored in the hepatocytes [89-91]. Several mutations of the HFE have been 

revealed and the most common in hereditary hemochromatosis in Sweden and Northern 
Europe is the Cys282Tyr mutation [92, 93]. This mutation renders an altered protein prevented 
to reach the cell surface. Iron regulation is hereby disrupted and results in altered iron-sensing 
signaling, hepcidin deficiency and iron overload [94].  Moreover, mutations in the HJV gene 
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leading to an ineffective protein have been shown to decrease hepcidin synthesis and cause a 
severe iron overload (juvenile hemochromatosis) [95]. 
Secondary iron overload implicates hepatic iron overload as a consequence of repeated 
transfusions or as a result of increased iron absorption in patients with thalassemia major or 

sideroblastic anaemias. In addition secondary iron overload  is also seen in disorders in 
porphyrin metabolism like porphyria cutanea tarda [96]. 
 
 
 
1.5 OXIDATIVE STRESS AND FREE RADICALS  

Atoms or molecules with one or more unpaired electrons are called free radicals. Molecules 
with free electrons are reactive and can participate in reactions to form new molecules, a 
prerequisite for metabolism and life. A reactive compound can bind to cellular molecules and 
compromise the structure or function of cellular organelles. Free radicals are naturally formed 
as by-products in the cellular metabolism of oxygen. Some cells can use free radicals in their 
mission to degrade foreign compounds and constitute a part of the immune system for the 
destruction of invading microorganisms. In biological systems, functions and mechanisms are 

double-edged swords, as in the case with free radicals, whilst being a part of the immune 
system against invading microorganisms; they may cause serious cellular damage to the body. 
They are highly reactive and by their capability to damage DNA, proteins, lipids or 
carbohydrates, free radicals by causing cell damage or cell death may contribute to the 
development of chronic disease like cancer and heart disease [97, 98]. 
In addition to the internally formed radicals exogenous compounds in our environment can be 

activated and reactive as in cigarette smoke, drugs, solvents , food additives, industrial 
pollution. In the process of cellular elimination of the exogenous compounds reactive 
intermediates will be formed. Also exposure to UV-light and radiation form reactive 
compounds of natural compounds in the cell. The most important free radicals in biology are 
the superoxide (O2

- ) and hydroxyl radical (OH•.) 
 
The hydroxyl radical is formed in the Fenton reaction together with Fe3++ Or Cu2+ 

 but can also 
be formed from superoxide and hydrogen peroxide via the  iron-catalyzed Haber Weiss 
reaction: 
 
 
1) Iron salt will be reduced by O2 

- 
 :  Fe3+ +  O2 

- 
      Fe2+ +  O2 

2) A hydroxyl radical forms via the Fenton reaction Fe2+ +  H2O2   Fe3+ +  OH- + •OH 
3) Net reaction = the Haber-Weiss reaction O2 

- 
  +  H2O2    O2 + OH - + •OH 

  
                    Fe3+      Fe2+  

 
 
1.5.1 Anti-oxidant defense 

There are several ways in which unpaired electrons can be scavenged and these have been 
divided into three different levels of defense. The first level involves prevention of radical 
formation and to this group a number of proteins, enzymes and enzyme systems belong, such 
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as superoxide dismutase (SOD), glutathione peroxidase (gpx), catalase, glutathione, members 
of the thioredoxin systems and metal-binding proteins. In the second level we find molecules 
that act to prevent and restrict chain formation and propagation; carotenoids, glutathione, 
ubiquinols, vitamin A, C, E and uric acid. And in the third and last level of defense there are 

proteins that perform excision and repair of damaged parts of molecules; lipases, peptidases, 
proteases, transferases, and DNA-repair enzymes among others. 
Examples of mechanisms to scavenge free radicals: 
Superoxide which is the most common free radical is converted to peroxide and oxygen by 
SOD through the following reaction: 
2O*

2 +2H+  H2O2 + O2 

 

 

Hydrogen peroxide formed is further detoxified by GSH-px which reduces it to water as 
follows: 
H2O2 + 2GSH  GSSG +2H2O 
 
The hydroxyl radical (•OH) is highly reactive and is stopped by scavenging of endogenous 

antioxidants such as glutathione and melatonin or via dietary sources of anti-oxidants like 
vitamin E or mannitol [99]. 
Thiols are a class of organic compounds containing a sulfhydryl group (SH) composed of a 
sulfur and a hydrogen atom bound to a carbon. This group is also known as the thiol group and 
as the functional group of the amino acid cysteine it has a very important role in biology. 
When thiol groups of two cysteine residues meet they may form a cystin unit with a disulfide 

bond via an oxidation reaction. If the two residues belong to the peptide chain, the disulfide 
bond will contribute to the tertiary structure of that protein. If they belong to different 
proteins these bond can form quaternary structures and multi-unit proteins. Thiol groups in 
the active site of enzymes can contribute to their catalytic activity by forming non-covalent 
bonds with substrates. On the cell surface and in extracellular compartments many proteins 
that are rich in disulfide bonds reside. Redox cycling in the cell is of fundamental significance 
for the function of the cell but at the same time it is important to keep the intra cellular 
environment reduced. 
R-S-S-R +2H+ 

 + 2e-   RSH  +  RSH 
 
 
1.5.2 The thioredoxin and glutaredoxin systems 

 

As disulfide bonds between proteins tend to increase during oxidative stress the thioredoxin 
and glutaredoxin systems function as electron donors in order to reduce these bonds.  
Both systems belong to the enzymatic defense against oxidative stress and are well studied 
and characterized in biology and their activity and expression are proven to be induced during 
oxidative stress [100].  They are ubiquitously expressed proteins belonging to the thioredoxin 
superfamily of proteins. One of the features this family shares is the three dimensional fold; 

the thioredoxin fold with a structural conserved active site motif containing Cys-X-X-Cys [101-
103].  
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1.5.2.1 Thioredoxin 

Thioredoxin is a fairly small redox protein and forms together with NADPH and thioredoxin 
reductase the thioredoxin system which is a fast thiol reductant and is expressed in all living 
organisms. It´s efficacy is built on the fast reaction between reduced thioredoxin and disulfide 

bridges in substrates. This reaction gives oxidized thioredoxin which in turn is reduced by 
NADPH and thioredoxin reductase (TrxR). 
 

 
 
In addition to the reducing feature of the thioredoxin system, it is also involved in a variety of 
biological functions like cell proliferation, DNA-synthesis, cell signaling and apoptosis [104-
106].  
In humans two isoforms of Trxs have been found, the cytosolic form Trx1 that can translocate 
to the nucleus and the mitochondrial form Trx2 (18kDa) and they are both essential proteins. 
Knock-out experiments in mice led to embryonic lethality [107, 108]. The two forms are 
encoded by different genes. Thioredoxin 1 is compact and globular shaped with a mass of 12 
kDa, and was isolated from Escherichia coli in 1964 [105]. It is composed of a twisted β-sheet 
with five strands and has on the surface four α helices and the three dimensional shape have 
been shown with both nuclear magnetic resonance and x-ray crystallography [109].  
Thioredoxin reductases are homo-dimeric selenoproteins and belong to the pyridine 
nucleotide-disulfide oxidoreductase family.  The size of the dimer is 112 kDa and they are the 
only enzymes capable of reducing the active sites of Trxs. Their N-terminal active site is a 

conserved sequence: Cys-Val-Asn-Val-Gly-Cys and in addition they also have a C-terminal 
selenium containing active site where thioredoxin as well as other substrates are reduced.  
 
1.5.2.2 Glutaredoxin 

The glutaredoxin system consists of glutathione (GSH), glutathione reductase (GR), 
glutaredoxin (Grx) and NADPH. Four different glutaredoxins have been found in humans so far, 
they are small enzymes with oxidoreductase activity and possess several important biological 
functions in the redox cell signaling. It catalyzes the reduction of disulfide bonds in proteins 
and mixed disulfide bonds with GSH by glutathionylation and de- glutathionylation. They are 
oxidized by different substrates and reduced via the oxidation of glutathione which is 
regenerated by glutaredoxin reductase.  
Depending on how their motives are constructed, Grxs can be divided to the dithiol (Cys-XX-
Cys) and the monothiol (Cys-XX-Ser) Grxs. The dithiol functions by using both the cysteines in 
the active site in order to reduce disulfides whilst the monothiol variant uses the cysteine in 
the N-terminal active site for the reduction of GSH mixed disulfides [110].   
 
The first discovered was Grx1 which is localized to the cytoplasm and is involved in DNA 
synthesis by its reduction of ribonucleotide reductase (RNR). Its mass is 12 kDa and the 

conserved N-terminal active site consists of two redox active cysteines (Cys-Pro-Tyr-Cys). As 
Trx1, Grx1 has been shown to be secreted and is suggested to possess extracellular functions 
[111]. 
 

Trx-(SH)
 2

 + protein-S
2
                        Trx-S

2 
+ protein-(SH)

 2
 

NADPH + H⁺ + Trx-S
2
                          NADP ⁺ + Trx-(SH)

 2
  

TrxR 
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Grx2 was the first Grx identified as an iron-sulphur containing member of the Trx-fold super 
family. The role of the iron-sulphur cluster is to coordinate the regulation of the activity of 
Grx2 in complex with glutathione. As a homodimer Grx2 is inactive,  and in presence of one-
electron oxidants or reductants the 2Fe-2S cluster will be disrupted leading to monomerization 

and activation of the enzyme [112, 113]. Unlike the other Grxs, human Grx2 is a substrate for 
TrxR and NADPH and can therefore use electrons provided by both systems [114].  
Three splice variants of Grx2 have been discovered so far: Grx2a residing in the mitochondria, 
Grx2b was localized to the nucleus and the third form Grx2c has been found in several cell 
lines and in testis. [115, 116]. It is not clear whether or not the splice variants are present in 
human livers. The antibodies used for IHC in this thesis do not distinguish between the three 
splice variants. 
Grx3 PICOT is a monothiol iron-sulphur-binding protein localized just beneath the plasma 
membrane and has a role in the regulation of signal transduction in the activation of immune 
cells and may also exhibit a response to ROS and RNS [117]. This redox protein was shown to 
be induced during oxidative stress in mice and a deletion resulted in early embryonic death 
suggesting a defective cell cycle progression during late mitosis [118].  
The last Grx found is Grx5 which is located in the mitochondria and is a member of the Fe/S 

cluster assembly machinery. Simplified this machinery is a step wise process that starts with 
the formation of a 2Fe-2S cluster on a scaffold protein via an electron transfer chain. The 
cluster is released from this scaffold protein and is then transferred to apo-proteins with the 
help of chaperones and the Grx5. Subsequently a 4Fe-4S cluster is generated and inserted in 
target apo-proteins. Defects in this assembly system lead to increased iron levels and 
mitochondrial iron accumulation [119].  

 
1.5.2.3 The role of thioredoxin and glutaredoxin systems in neoplasia and cancer 

The thioredoxin system is involved in control and regulation of activity of several transcription 
factors, and has been proposed to exhibit a role in cell growth and overexpression of Trx has 
been observed in a variety of cancers, including lung cancer, pancreatic cancer, stomach 
cancer, gallbladder cancer colorectal cancer and squamous cell carcinoma of the tongue [120-
126]. 
Moreover, in cell culture, increased expression of Trx1 has been shown to be associated with 
increased VEGF expression and enhanced tumor angiogenesis [127].   
Studies of the role of glutaredoxins in cancer have revealed an association with Grx1 and 
pancreatic cancer and basal cell carcinoma [122, 128]. In lung and colon-cancer over-
expression of Grx3 have been seen [129]. The enzyme TrxR1 was overexpressed in a rat study 
of neoplastic lesions [130]. 
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1.6 SELENIUM 

 

Selenium is an essential trace mineral incorporated into several proteins of which biological 

features is important for several physiological functions. In humans, 25 selenoproteins have 
been identified so far being involved in cell growth, differentiation and cell death [131, 132].  
They also possess antioxidative properties preventing the cells from oxidative damage of free 
radicals. Moreover, selenoproteins are important in the immune system and assist in the 
regulation of thyroid function [133, 134].   
Examples of selenoproteins are glutathione peroxidases, thioredoxin reductases, and 
iodothyronine deiodinases. 
Selenium was discovered by the Swedish chemist Jöns Jacob Berzelius in 1818 [135]. It was 
found to have similar properties with sulfur, and is placed at position 34 in the periodic system 
and can exist in five different Valente states: -2, 0, +2, +4 and +6. The inorganic forms of 
selenium includes selenite (SeO3 

2- ), selenate (SeO4 
2- ) and selenide (Se 2-) which differs in the 

oxidation state. Inorganic selenium is found in the soil and is taken up via plants which 
incorporate selenium into organic forms like selenomethionine (SeMet), selenocystein (SeCys) 

and selenomethyselenocystein (SeMSC) which are subsequently transferred to grazing animals 
[136]. Because of geographical variations of selenium content in the soil over the globe there 
are big variations of the levels of bioavailable selenium in food. Even though selenium is 
essential for living organisms and deficiency will lead to pathological conditions it is also highly 
toxic in high levels. 
Dietary main sources of selenium are: nuts, cereals, meat, kidney, mushrooms, fish (tuna), 

eggs and seafood (crabs and lobster) [137].  

 

 

1.6.1 Selenium metabolism 

The metabolism of selenium compounds and formation of selenoproteins has been thoroughly 
investigated. The uptake of organic Se is preferentially in the SeMet form which is converted 
into SeCys within the body and used for the synthesis of selenoproteins after formation of a 
Secis-element [138, 139]. Selenocystein is the main form of organic Se in our bodies. The 
inorganic and the organic Se are metabolized via two different pathways with hydrogen 
selenide (Hse-) as the common key metabolite used for selenoprotein synthesis or excretion 
[140] (Fig. 10). 
Elimination of selenium at normal selenium levels is usually via feces or urine after 
methylation, but volatile dimethylselenide is exhaled via the lungs. The exhalation route of 
eliminating Se-levels is considered to be the major pathway when Se is ingested in toxic doses. 
Urine excretion is usually as selenosugar that is synthesized directly from selenide or in case of 
high selenium levels, from trimethylselenonium ion [140]. 
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Figure 10. A schematic presentation of the selenium metabolism. Hydrogen selenide, the provider of Se 

to all selenoproteins, will together with ATP form monoselenophosphate via the activation of 

selenophosphate synthetase. The metabolism of inorganic selenium starts by reduction of selenate to 

selenite which is performed by GSH mediated by the Trx or Grx systems. Selenite is then further reduced 

to selenide of these systems and of thiols [141]. Selenite can also be reduced by a non-enzymatic 

mechanism affected by free cysteines [142]. In addition, selenite can be reduced to HSe- via the 

intermediate glutathione conjugate GSSeSG also in the presence of GSH [143]. The both organic 

compounds SeCys and SeMSC will be cleaved by the enzyme β-lyase to selenide and methylselenol. 

Methylselenol is converted to selenide via the action of demethylation and note that selenide can be 

methylated back to methylselenol in order to release selenium from the organism either through 

exhalation or via excretion in urine or feces to protect the organism from surplus of selenium [144, 145]. 

 

 
The recommended daily intake of selenium is based on the selenium concentration sufficient 
to saturate the selenoprotein glutathione peroxidase (GPx) and is set to 55 µg for healthy 

adults [146]. However, during pregnancy and breastfeeding the daily requirement rises to 65-
75 µg.  In Sweden the selenium content in the soil is low so here the daily dose recommended 
is suggested to 100-200 µg. The distribution of selenium between the tissues after blood 
transportation occurs in a hierarchical manner, the brain tissue being the organ with the 
highest demands followed by skeleton muscle and thirdly liver tissue. As a consequence of this 
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hierarchy, the brain will conserve selenium most efficiently in situations when the selenium 
levels are insufficient [147, 148]. 
Intoxication of selenium involves hair and nail loss, garlic smelling breath, tachycardia and 
respiratory disorders because of pulmonary edema and death [149]. 

Symptoms of deficiency involve severe cardiomyopathy seen in children and young women 
with Keshan disease in certain areas in China where the selenium content in soil is extremely 
low. Another disorder is the Kaschin-Beck disease which is a degenerative joint-disease. In 
recent years a whole spectrum of disorders related to inherited disturbances in the selenium 
utilization, transport, and metabolism have been done and this field is expanding [150].  
Deficiency of Se, may also lead to serious disturbances in human health and more than 40 Se-
deficiency related conditions have been reported so far, wherein cancer is one of them. 
Studies have shown an association with lower serum contents in cancer patients compared to 
healthy controls [151, 152].   
 

1.6.2 Selenium and prevention of cancer  

Multiple epidemiological human and prospective animal studies have investigated the 
relationship between selenium and cancer. Associations between low serum contents in 
cancer patients have been noted compared to healthy controls and  a relationship between 
low levels of Se content in food and risk for cancer and related mortality rate have been 
observed [151, 152].  There are more than 100 animal studies in which a preventive effect of 
selenium on different cancer types has been observed and moreover, there are several human 
studies that support these observations.  

 
Selenium in the prevention of human cancers is discussed in a review by Fernandes and 
Björnstedt from 2010 [153]. The underlying molecular mechanisms of the tumor preventive 
effects of selenium are not fully understood but several mechanisms have been proposed so 
far. These include anti-oxidative effects mediated by selenoproteins, stimulation of DNA-repair 
and induction of apoptosis in preneoplastic cells. The role of selenoproteins in tumour 
prevention is not known but some redox active selenoenzymes such as thioredoxin peroxidase 
and glutathione peroxidase have been extensively studied [132].  The antioxdative effect is 
proposed to be mainly preventive, thereby affecting the very early stages of carcinogenesis 
[154]. Selenoproteins play a central role in maintaining the redox homeostasis of the cell and 
are involved in all three levels of antioxidant protection against both ROS and RNS. It has been 

found that selenoproteins enhance DNA repair and cell integrity via protection against ROS, 
and that SeMet can induce DNA repair in human fibroblasts in vitro and also regulate DNA 
chain break control, and reduce aberrant crypt foci in colorectal tissue in rats.  
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2 PRESENT INVESTIGATION 

2.1 AIM OF THE STUDY 

 

This thesis was based on four separate projects. Three projects involve rat liver studies on 
various aspects of regenerative and neoplastic cell proliferation and the last study was 
performed on human liver from patients with hepatocellular carcinoma or liver metastases 
from colorectal cancer where the expression of redox proteins in tumour and surrounding liver 
tissue was studied.  
 
The overall aim of the thesis was to characterize the role of iron during liver regeneration, to 
study the effects of two anti-cancer compounds (sodium selenite and sorafenib) on 
regeneration following liver resection in rats, and to evaluate redox enzyme expression in 
regenerative and neoplastic growth, as well as their expressions in human liver cancer. 
 
The specific aims of the study were: 
 

  

 To characterize gene expressions of the different pathways involved in hepcidin 

regulation after partial hepatectomy, until liver regeneration is complete (paper I) 

 

 To study the effects of sodium selenite on regenerative vs. neoplastic liver cell 

proliferation in rat (paper II) 

 

 To investigate if TrxR1 is a constitutive tumour marker or an unspecific marker for 

cell growth in rat liver (paper II) 

 

 To study the effects of the anticancer agent sorafenib, a multikinase inhibitor, on 

normal liver regeneration after partial hepatectomy in rat  (paper III) 

 

 To evaluate if redox protein (thioredoxins and glutaredoxins) expressions correlate 

to clinical features in human HCC, and if they can be used as prognostic markers after 

liver surgery for HCC (paper IV) 
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2.2 REMARKS OF THE METHODOLOGY 

2.2.1 Animal models 

2.2.1.1  Partial hepatectomy (used in paper I, II and III). 

In the first three papers in this thesis, we have used a rat model for 2/3 partial hepatectomy. 
This is a reliable and standardized procedure as far as timing and amount of the liver removed 
is concerned, and the animals recovered quickly after the procedure.  
Male Fischer-344 rats, purchased from Charles River, Germany, were first allowed to 
acclimatize to their new environment one week prior to the experiments. They were fed a 
standard chow diet and housed in the animal facility in a 12 hour light-dark cycle where 
temperature, humidity and ventilation were controlled according to international standards. 
Partial hepatectomy was performed under general anesthesia with isoflurane. An incision was 
made in the abdominal wall and the two main liver lobes were made to pop out by a slight 
pressure on either side of the abdomen. After placing a ligature around the blood vessels, the 
two lobes were removed.  The peritoneum and abdominal wall were sutured, and Marcain 
was administered as a pain killer before the skin was closed using clamps. In the sham-
operated animals the abdomen was opened, and was gently pressed without any removal of 

the liver lobes.  
In project I the PH model was used without any other treatment and three animals was 
sacrificed from the PH group and the sham operated control group at the following time 
points: 0 h, 1 h, 2 h, 4 h, 8 h, 16 h, 24 h, 48 h, 72 h, and 1 w, 2 w and finally 3 weeks after 
surgery.  
 

2.2.1.2 The resistant hepatocyte model for hepatocarcinogenesis 

This model called the “Resistant Hepatocyte model” (RH-model), was originally described by 
Solt and Farber was used in paper II, with slight modifications [17, 155]. In short: The RH-
model is a synchronized model which makes it possible to study the three consecutive 

processes in the liver tissue during carcinogenesis, initiation, promotion and progression. The 
initiation and promotion steps consist of administration of a necrogenic dose (200 µg) of 
diethyl nitrosamine (DEN) followed after two weeks by administration of 2-
acetylaminofluorene (2-AAF) and PH. 2-AAF is a strong mitoinhibitor but initiated cells have 
acquired resistance to its mitoinhibitory effects. During promotion only the hepatocytes 
resistant to the mitoinhibitory effect of 2-AAF will be able to respond to the mitogenic signals 
induced by the hepatectomy in the presence of the promoter. Through this procedure, the 
resistant cells have a growth advantage over the non-resistant cells and grow in a clonal way 
to form preneoplastic foci and nodules. During progression when administration of the 
promoter is stopped, most lesions re-model to normal liver phenotype over time. In a small 
subfraction of the nodules (less than 1%), clones of cells will appear that are able to grow in 
the absence of the promoter. In these persistent lesions changes will occur that during the 
progression phase, giving rise to malignant tumors. 
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2.2.1.3 Treatment of the animals 

Selenium and PH: 
In paper II two different experimental rat liver models were used, the resistant hepatocyte 
model for liver cancer development, and the model for rat liver regeneration after partial 

hepatectomy. In each experiment one group of animals were treated with sodium selenite in 
the drinking water and compared to one group drinking tap water. The selenium treated 
groups were administered 5 µL/mL sodium selenite in the drinking water as illustrated in Fig. 
11. At time points indicated in the figure three animals per group were sacrificed and livers 
and blood collected. The dose of sodium selenite was chosen according to earlier studies 
where a tumour preventive dose of sodium selenite was titrated [156].  
 
 
 

 

 

 

Figure 11. This protocol 

shows how the 

treatments in the studies 

were performed.  

A) In the cancer model 

animals were treated 

with sodium selenite 

during the progression 

phase and animals were 

sacrificed at 3, 6, 9 and 12 

months.  

 

 

 

B) In the PH model 

without any neoplastic 

nodules animals were 

given sodium selenite one 

week prior to PH and until 

the liver regeneration was 

completed. Animals were 

sacrificed at indicated 

time points. 
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Sorafenib and PH 
For assessment of toxicity, the animals were subjected to pH and were divided into three dose 
groups (5, 10 and 15 mg/kg body weight) and were then treated daily with sorafenib for one 
week before surgery. Four animals per group were sacrificed at 16, 20 and 24 hours after 

surgery. Four animals per group were sacrificed after one week of treatment and without PH.  
The dose 5 mg/kg body weight was chosen for the second part of the sorafenib study where 
the animals were treated daily one week before PH and were then divided in three groups. 
The first group received the vehicle Cremophor-ethanol solution after PH the second received 
sorafenib in Cremophor ethanol until 3 days post-surgery and the last group received 
sorafenib in Cremophor ethanol continuously until 14 days after surgery. Four animals from 
each group were sacrificed at the time for PH and then at the following time points: 16, 20, 24, 
48 and 72 hours and at 5, 7, 10 and 14 days post PH. The time-points were chosen to capture 
the peak of proliferation that occurs at 18-72 hours and also to investigate the effects of 
sorafenib in the later stages of liver regeneration and until it is completed at 14 days. 
Sorafenib tosylate (BAY 54-9085, Bayer Healthcare Pharmaceuticals, Montville, NJ) was 
dissolved in a 50% Cremophor EL (Sigma Cat. No 5135) /50% ethanol mixture diluted with 

water in the distribution 12,5% Cremophor EL/12,5% ethanol/75% water. The mixture was 

administered daily in a volume of 250 µL/100 g body weight by oral gavage. 
 

Administration of BrdU 
The administration of the synthetic nucleoside BrdU was done in two ways, in project II the 
animals got an osmotic mini-pump inserted right under the skin three days before sacrifice and 
in paper III BrdU was injected two hours before sacrifice. The shorter time between 

administration and sacrifice in the latter case was because we wanted to capture a small 
window for the proliferation analysis. 
BrdU was incorporated to DNA in replicating cells replacing thymidine. By using specific 
antibodies against BrdU quantification of the number of proliferative cells in liver tissue 
sections could be done with immunohistochemistry. 
 

2.2.2 Tissue sampling 
 

The rat livers were sliced immediately after sacrifice and either snap-frozen in liquid nitrogen 
for gene and protein analysis, or put in 4% formaldehyde, routinely processed and embedded 
in paraffin for immunohistochemical stainings. The sampling of the human liver was done in 
the same way except from a little longer processing time.  
 

2.2.3 Quantitative Polymerase Chain Reaction 
 

For analysis of gene expression real time-QPCR was used in paper I, III and IV. Gene-specific 
primers were designed and where possible these were exon-spanning for high specificity. For 
detailed information on primer sequences and individual steps during the amplification 
process, please see the methods section in each project. 

In paper I we used a system that is built on gene specific primers and a TaqMan probe and in 
paper III and IV we used the system based on gene-specific primers and SYBR-green.  
The TaqMan system is based on a fluorogenic sequence-specific probe that will detect a 
specific PCR-product as it accumulates during the cycles while the SYBR green system involves 
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a dye that intercalates with any double stranded DNA. Post PCR steps are required when the 
SYBR green method is used involving sequencing of the PCR product for detection of false 
positives, a step that is unnecessary using the TaqMan method. However, the SYBR- green 
method involves higher sensitivity and is also a cheaper method to set up the lab in 

comparison to the TaqMan-method. 
 

2.2.4 Immunohistochemistry  
 

For detailed information on the different protocols used, see each individual project in this 
thesis. For a brief summary may be mentioned that in the three rat projects we stained for 
MIB 5 (Ki67) and BrdU both of which are nucleus stainings for cell proliferation analysis. The 
human counterpart to MIB5, MIB1 was stained for in the fourth project. In paper II stainings 
for GSTπ and TrxR1 was performed and in the fourth paper stainings for Trx1, Trx2, Grx1, Grx2, 
Grx3 and Grx5 was done. 

BrdU and MIB5 indices were calculated in a light microscope (Microscope Nikon Eclipse 
E1000M) as the ratio of the total number of nuclei seen in one field to the number of positive 
stained nuclei. For the mitotic index the total number of nuclei was divided with the number 

of mitotic figures seen. The method was modified slightly between the different projects; in 
paper I and II, tissue sections were evaluated in 200X magnification and at least 1000 cells 
were counted until a cumulative mean value was reached.  
In paper III the cumulative mean from 15 randomly counted fields of the tissue slides was 
calculated in a magnification of 400X, and in the fourth paper the labeling index of MIB1 was 
counted in randomly fields in a magnification of 200X until a cumulative mean value was 

reached.  
 

2.2.5 Imaging analysis of IHC 

 

For quantification analysis of the staining level of thioredoxin and glutaredoxins an imaging 
analysis was set up using the software photoshop and NIS-Elements. The pictures of the slides 
were photographed under the light microscopy with standardized settings, blue color 
elimination was done in photoshop and analysis of the saturation was done using NIS-
Elements Br. For detailed information see project IV. 
 

2.2.6 Nodule and tumour density  
 

The number as well as the volume fraction of liver tumours in the rat cancer model was 
quantified using morphometric densitometry on tissue slides stained with Gst Yp. The number 
of focus profiles in the slice was divided by the area. The nodular volume density was 
expressed as % of the cellular volume. The number of foci/mm2 and the volume density of 
nodules were calculated in a computerized morphometric analyzer (Minimop, Kontron, 
Munich, Germany).  
 

2.2.7 Preparation of liver tissue homogenate 
In order to make a 20% homogenate of rat liver tissue, frozen samples was transferred to pre-
weighed tubes containing 1 mM EDTA (pH 7,5) and 50 mM tris-HCl in a total volume of 3 mL 
and weighed. The samples were minced with a pair of scissors and homogenized in a Potter-
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Elvehjelm glass-teflon homogenizer connected to a pillar drill. With four gentle up and down 
strokes at a speed of 440 rev/min the liver went completely homogenized, the homogenate 
was transferred to centrifuge tubes and were subsequently spun in an ultra-centrifuge at 
105,000 x gAV for 90 minutes at 4°C. The samples were kept cold through the whole process. 
Protein determination on the supernatant was made according to Lowry et al [157].  

 
2.2.8 Specific activity of Trx1 
 

The specific activity of TrxR1 was measured in rat liver homogenate by an enzyme assay 
according to A. Holmgren and M. Björnstedt [158]. Briefly, A sample containing 100 µg of 
protein was incubated with 80 mM Hepes, (pH 7,5), 0,9 mg/mL NADPH, 6 mM EDTA, 2 mg/mL 
insulin and 10 µM Escherichia coli  thioredoxin at 37°C for 20 minutes in a final volume of 120 
µL. For termination of the enzymatic reaction 0,4 mg/mL dithiobis 2-nitrobenzoic acid (DNTB) 
and 6M guanidine hydrochloride in 0,2 M Tris-HCl (pH 8,0) was added to the solution. Within 
20 minutes the absorbance was measured at 412 nm and the value of a corresponding blank 
sample without added Trx was subtracted. A standard curve was prepared using purified 
thioredoxin reductase from rat liver (Sigma). 

 

2.2.9 Protein detection 
 

For quantification of IL6 in rat serum the ELISA kit “Quantine Rat IL-6 Immunoassay” (R&D 
systems, Minneapolis, USA) was used. 
Western blot technique was used to quantify the protein expression of STAT3, Smad4, ppERK, 
pJNK and pp38 in rat liver tissue. For details please see the respective method section in study 

I and III. 

 

2.2.10 Statistical analysis 
 

Statistica software 9.0 and 10.0 has been used for statistical analysis. For analysis of normal 
distribution the Shapiro-Wilks test was used. One way analysis of variance (ANOVA), 
student’s t-test or Mann-Whitney U test was used for comparison of mRNA expression, 
enzyme activity, body weights, relative liver weights, labeling indices of BrdU and MIB5 and 
mitotic indices between animal groups and for comparison of immunohistochemical 
saturation in HCC versus CRC. For anthropometric and laboratory data, t-test was used for 
continuous data and Chi2 test or Fischer’s exact test when appropriate, for categorical data. 
The statistical significance of the values of saturation in tumors and its corresponding 
surrounding non-tumorous tissue was determined with paired t-test and Wilcoxon matched 
t-test. For correlation tests linear regression was used.  P value <0.5 were considered 
statistically significant. Error bars represent ±SD. Figures were created using 
GraphPadPrism5 (GraphPad Software, Inc., La Jolla, CA, USA).  
 
2.2.11 Ethical approval 

The studies in this thesis were approved by the Stockholm South local Committee for Ethical 
Review of Animal Experiments and by Stockholm Regional Ethics Committee. 
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2.3 RESULTS 

2.3.1 Paper I 

Iron-regulatory genes during liver regeneration. 

 
Background 
Liver regeneration is characterized by an acute-phase reaction during the first 18-24 h after a 
partial hepatectomy. Others have shown that during this phase IL6 is released which in turn 
stimulates hepcidin gene expression. Hepcidin however, decreases iron availability since it 
decreases iron uptake from the gut and iron release from macrophages, and therefore 
hepcidin-induced iron deficiency may impair liver regeneration. 
 
Aim 
We asked if other hepcidin-regulatory pathways would down-regulate hepcidin expression 
during the later phases of liver regeneration after surgery 
 
Methods 
We used a rat model comparing partial hepatectomy with sham operation. Liver tissue was 
sampled at different time points after surgery. Gene expression of hepcidin-regulatory 
molecules were quantified with real-time PCR and correlated to proliferation index, IL6 levels 
in plasma and STAT3 protein levels in liver tissue. 
 
Results 

During the acute-phase response after PH high serum levels of IL6 was seen inducing STAT3 
protein expression and mRNA of hepcidin. The gene expressions of proteins involved in the 
iron-sensing pathway (HFE, HJV and TfR2) were instead decreased while the mRNA levels of 
proteins involved in iron uptake (TfR1 and DMT1) were increased and transcripts of proteins 
involved in cellular iron export were unchanged (FPN and ceruloplasmin). In the regenerative 
phase after PH namely >24h post PH, gene expression of HFE and HJV belonging to the iron-
sensing pathway were continuously suppressed and mRNA levels of hepcidin declined. 
 
Conclusion 
Hepcidin gene expression peaks during the acute-phase response, but a sustained down-
regulation of the iron-sensing pathway of hepcidin regulation gradually reduces hepcidin gene 
expression until regeneration is complete, thereby promoting iron mobilization to the 
regenerating liver. 
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2.3.2 Paper II 

The effect of sodium selenite on liver growth and thioredoxin reductase expression in 

regenerative and neoplastic liver cell proliferation.  
 
Background 
A previous study performed in our lab showed that administration of sodium selenite reduced 
the volume fraction of preneoplastic nodules during the promotion as well as the volume 
fraction of neoplastic nodules during the progression 12 months after initiation. Selenium did 
not inhibit initiation in the DEN/2AAF + PH rat model [159].  
 
Aim 
The aim of this project was to investigate the effect of administration of sodium selenite on 
the neoplastic growth during progression in tumour development and compare that with the 
effect of selenite on the regenerative cell proliferation after PH. In addition we wanted to 
compare the expression of TrxR1 in regenerative liver to that in liver neoplasia to evaluate if 
TrxR1 could be considered as a constitutive tumour marker or only an unspecific marker for 
cell growth. 
 
Methods 
We performed two studies on rats, the first of which included chemical induction of cancer 
and treatment with sodium selenite, and the second included treatment with sodium selenite 

after PH.  
 
Results 
No effect on body weight or gain of liver mass could be seen after administration of sodium 
selenite followed by PH, even though a slight delay in the S-phase peak and mitosis could be 
seen. However, the tumour volume in the DEN/2AAF/PH model was significantly decreased in 
animals treated with sodium selenite during progression compared to animals not treated 
with selenium during progression. The expression of TrxR1 mRNA was not affected by 
administration of sodium selenite in the non-neoplastic regenerating liver cells and the activity 
of the enzyme was only transiently increased during the peak of cell proliferation. In the 
neoplastic liver lesions TrxR1 was constantly overexpressed in a way that did not correlate to 

the growth rate of the individual lesions or within the individual lesions. 
 
Conclusion 
Administration of 5 µg/µL sodium selenite did not compromise liver cell proliferation after PH 
in an extent that affected liver regeneration and gain of liver mass. In contrast to this effect 
the neoplastic liver nodules grew significantly slower in the selenite treated rats in comparison 
to the lesions in rats drinking tap water. The consistent over expression of TrxR1 in liver 

neoplasia contrasted to the transient increase in regenerating hepatocytes that was not even 
clearly visible by IHC. This made us suggest that the neoplastic overexpression of TrxR1 seen 
could only partly be explained by the tumour cell growth rate.  
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2.3.3 Paper III 

Sorafenib prolongs liver regeneration after hepatic resection in rats.  

 
Background 
Sorafenib is a multi-kinase inhibitor that targets the tyrosine kinase activity of growth factor 
receptors such as EGFR, PDGFR and VEGFR and also the threonine kinase activity of Raf in the 
Ras/Mek/ERK pathway. By binding to the ATP-binding pocket on these kinases sorafenib 
inhibits angiogenesis and cell proliferation. Sorafenib has been suggested as an adjuvant 
treatment in conjunction with hepatic resection for HCC, and therefore the effect of sorafenib 
on liver regeneration is of interest. 
 
Aim 
To investigate the effects of sorafenib treatment on liver enzymes, cell proliferation and liver 
weight gain during the entire length of liver regeneration after partial hepatectomy in rat. 
 
Methods 
Rats were administered sorafenib once daily for one week, and then underwent a 2/3 partial 
hepatectomy (PH). In the first study, sorafenib was given in three different doses (5, 10 and 15 
mg/kg/day) and animals sacrificed 0-24 hours after PH. In the second study, sorafenib 5 
mg/kg/day was given 0, 3 or 14 days after PH. The number of S-phase nuclei was calculated 
using immunohistochemistry, and pERK was analyzed with Western blot. 

 
Results 
Treatment with sorafenib increased the levels of serum ALT and serum AST in a dose-
dependent manner at baseline. The number of S-phase positive nuclei was increased at base-
line in animals treated with the highest dose (15 mg/kg).  Liver weights and levels of pERK 
were decreased at 24 hours post PH. 
 
At 48 hours after PH, the number of S-phase nuclei and mitotic indices were decreased in 
sorafenib-treated animals. At seven days after PH the number of S-phase positive nuclei was 
instead increased in animals treated with sorafenib 3 or 14 days after PH, as compared with 
controls. The relative liver weights were restored at day five in control rats, day seven in 

animals receiving sorafenib before surgery, day ten in rats where sorafenib treatment was 
ceased three days after surgery and at day 14 in rats were on continuous treatment with 
sorafenib. 
 
Conclusion 
In our rat model, sorafenib given in conjunction with a 2/3 PH decreased cell proliferation and 
prolonged the liver mass restoration in proportion to the length of sorafenib treatment. One 

week after PH, we found an adaptation to the inhibitory effects of sorafenib with increased 
cell proliferation in sorafenib-treated animals compared to that of the controls. 
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2.3.4 Paper IV 

Characterization of redox proteins in human hepatocellular carcinoma. 

 
Background 
Redox proteins like thioredoxins and glutaredoxins are ubiquitously expressed proteins 
involved in several biological processes. The expression of Trx and Grx is induced in many 
neoplasms and was found to correlate to the prognosis in colorectal and gallbladder 
carcinoma 
 
Aim 
The aim was to characterize the expression of Trx1 and 2 and Grx1, 2, 3 and 5 in human HCCs 
and investigate their possible association to clinical parameters and their value as prognostic 
markers for recurrence after resection for HCC. 
 
Methods 
Immunohistochemical stainings with antibodies specific for the six different redox proteins 
were made on liver sections from paraffin embedded resected liver tumours. The stainings 
were analyzed with a computer-based imaging method described in detailed in project IV. As 
internal control surrounding non-tumorous tissue was used and the ratio of saturation in 
tumour to the saturation in surrounding non-tumorous tissue was calculated. Gene expression 
was analyzed from five of the patients from fresh frozen liver tissue using quantitative real-

time PCR. Correlations of the IHC protein expression and clinical parameters were performed. 
As controls resected colorectal cancer (CRC) liver metastases were used. 
 
Results 
An up-regulation of Trx1, Trx2 and Grx5 was seen in HCCs compared to its respective 
surrounding non-tumorous tissue. The same was also observed in CRC metastases where also 
the saturation of Grx1 and Grx3 was significantly higher. In HCC, Trx1 correlated significantly to 
cell proliferation but not to tumour differentiation, micro-vascular invasion or tumour 
recurrence. A down regulation of Trx1 in tumours relative to the surrounding was seen in 
males compared to females and in smokers and in patients with high alcohol consumption. 
 

Conclusion 
Redox proteins investigated in the present study are more up-regulated in the surrounding 
livers of patients with HCC as compared with CRC liver metastases except for Grx2. The 
expressions in the tumours are also weaker in HCC compared to CRC. Our results suggest that 
the expression of Trx and Grx proteins reflects the grade of oxidative stress in chronic liver 
disease and mirrors the environmental state in the liver tissue that surrounds HCC. Our data 
indicates that redox proteins are ubiquitously expressed in livers exposed to oxidative stress 

and various malignancies and can therefore not be used as diagnostic markers for HCC. Even 
though a correlation between cell proliferation and the expression of Trx1 in tumours was 
found, patients with or without tumour recurrence were not significantly different in redox 
protein expressions, indicating that redox proteins lacks a prognostic significance in HCC. 
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3 DISCUSSION 

 

The underlying mechanisms of liver regeneration have been thoroughly studied the last 
decades and a complex and fine-tuned orchestration have emerged involving several signaling 
pathways. The significance of understanding these features is evident since a majority of liver 
cancers are induced in a highly proliferative environment. With a deeper insight to the exact 
mechanisms of tumour development, better tools for early diagnosis, prognosis, prediction 
and development of new treatments could be accomplished.  
The most studied phase of liver regeneration so far is the initiation, but new findings including 
the termination are arising. 
Given that the same signaling machinery lies behind normal regeneration and the 
regeneration that occurs during chronic liver repair eventually leading to malignancies, the 2/3 
PH rat-model permits the study of these pathways and may shed light on future targets for 
treatment of cancer or prevention of cancer development. 
This thesis comprises of four papers where the three first is conducted on the 2/3 partial 
hepatectomy rat model. We studied the expression of iron regulatory genes, the effect on 
regeneration after administration of sodium selenite and how the multi kinase inhibitor 
sorafenib influences the liver regeneration. In the second paper we also investigated the 
usefulness of TrxR1 as a neoplastic marker and selenium as a preventative agent in 
carcinogenesis. In the fourth paper we examined the role of redox proteins in human 
hepatocellular carcinoma and investigated the use of redox proteins as diagnostic or 

prognostic markers. 
In the study of the expression of iron-regulatory genes we used the 2/3 PH-model and 
sacrificed animals at different time points during the whole phase of liver regeneration. The 
aim was to elucidate the regulation not only during the acute-phase but also during the 
regenerative phase to see if the IL6 -induced acute-phase induction of hepcidin expression 
would persist or decline after the ending of the acute-phase reaction to facilitate iron 

mobilization to the growing cells. In earlier studies the expression of acute-phase proteins 
declined 18 hours after PH [160] but no studies have been performed to investigate the 
expression of the major key for iron homeostasis, hepcidin, during the later phases of liver 
regeneration. 
Our results showed a significant elevation of hepcidin expression starting at 2 hours post PH 
and peaked at 8 hours and declined after 16 hours. The control animals also had a peak at 8 
hours after the sham operation – although not as pronounced- and which is most likely an 
acute reaction to the opening of the abdomen. Elevated serum levels of IL6 however, could 
only be detected in the PH animals. The role of IL6 during the acute phase of liver regeneration 
is a well-established feature. After partial hepatectomy or other liver injuries this cytokine is 
released by Kupffer cells, and by binding to the hepatocytes starts the positive signal cascade 
JAK/STAT pathway that induce gene activation to promote proliferation.  We found increased 

levels of STAT3 in the PH animals but not in the SO ones. Our findings confirm previous work 
demonstrating an IL6 induced hepcidin gene expression during the acute-phase response after 
liver surgery [161]. Following the completion of the acute-phase response, which is 2-14 days 
after the hepatectomy, we saw a significant reduction of hepcidin mRNA levels as compared 
with levels found after sham operation. 
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At 48 hours post PH a reduction of the expression of hepcidin was seen compared to sham 
operated animals and at 72h and 1 w, this decrease was significant in the PH rats. At two and 
three weeks after the surgery the levels were the same in PH and SO animals. As in other 
studies, the expression of HJV was decreased during the acute phase. Expression of the three 

hepcidin-regulatory molecules TfR2, HFE and HJV was down-regulated during the whole 
process of regeneration suppressing hepcidin gene expression and thereby facilitating iron 
uptake, even if the transient induction of IL6 overrules this decrease in the acute phase. 
The expression of Transferrin receptor 1 was simultaneously over-expressed in the same 
pattern as hepcidin during the acute phase, indicating an increased iron uptake, although TfR1 
is also post-translationally stabilized by IRP which activity is activated during oxidative stress. 
Also the expression of the metallotransporter DMT1-IRE was over-expressed in comparison to 
the SO-animals. 
In a recent study conducted on mice, two important growth factors for regeneration, HGF and 
EGF, decreased the expression of hepcidin via PI3 kinase MEK/ERK pathway. This finding 
suggests a modulation of the BMP transcriptional regulators Smad1/5/8 and others and can 
serve as an explanation for high iron load in patients with chronic liver inflammation caused by 
hepatitis C virus or alcohol hepatitis [162]. 

In the first paper we thus concluded that a down-regulation of the iron-sensing pathway 
during the later phases of liver regeneration, when the effects of the acute-phase reaction had 
disappeared, leads to reduced hepcidin expression and enhanced iron mobilization to the 
growing liver. 
In the second paper we turned our interest to the effects of another trace element, namely 
selenium, on liver regeneration and neoplastic cell proliferation. We focused on the selenium-

containing enzyme thioredoxin-reductase1 (TrxR1) as a marker for neoplasia and/or 
proliferation, as well as the putative anti-tumoral effects of sodium selenite. 
We could see that the TrxR1 was overexpressed in the initiated cells and through all the steps 
of the carcinogenesis until liver cancers were formed. This expression persisted during the 
progression phase only in tumors and not in the remodeling nodules which remained in the 
progression phase. TrxR1 was thus over-expressed only in tumors with a neoplastic growth 
advantage and the remodeling liver nodules positive for the classical liver nodule marker GST-
π but negative for the S-phase marker BrdU, were also negative for TrxR1 during the late 
progression. The following observations from our immunohistochemical studies made us draw 
the conclusion that TrxR1 indeed is a constituent of the neoplastic phenotype and not only a 
proliferative marker:  (1) the TrxR1 immunohistochemical signal in the nodules was strong and 
homogenous within the lesions, and (2) the intensity of the signal was not correlated to the 
rate of cell proliferation measured as BrdU-index, or to the distribution of growing cells in the 
nodules. 
The increase in enzymatic activity of TrxR1 seen during the regenerative growth could not be 
detected by IHC, with one exception at 24 hours post PH where a weak signal in the periportal 
zone 1 could be detected in two rats of four in the group that was not treated with selenite. 
This induction of TrxR1 enzyme activity during regenerative cell proliferation was transient and 
noted only from 16 hours to 72 hours post PH.  These data indicate that TrxR1 indeed is a 

constituent of the neoplastic phenotype and a marker for neoplasia, although the expression 
of Trx1 can partially be explained by increased proliferation. As a component of the resistant 
phenotype which is induced during clonal adaptation and dysplasia, the expression of TrxR1 
could be regarded as a response to the toxicity of the carcinogenetic protocol used in this 
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model and thus be a part of the cell defense against free radicals and toxicity. The role of this 
selenoenzyme in cancer has been illustrated in an experiment on lung cancer cells where 
removal of TrxR1 by using siRNA-mediated knockdown, reverted the neoplastic phenotype 
and inhibited malignant characteristics. Moreover, a TrxR1 deficient cell line lost growth self-

sufficiency in both S-phase progression and expression of DNA polymerase [163]. In contrast to 
these data, transgenic mice with a deficient TrxR1 phenotype was not affected in normal liver 
development or during regeneration, indicating a TrxR1-independent route to supply RNR with 
electrons to provide for a complete DNA replication and normal proliferative growth [164].   
TrxR1 deficient cells have further been shown to up regulate glutathione and to increase the 
activity of glutaredoxins thus maintaining a redox steady state [165]. 
In the synchronized and sequential model of carcinogenesis used in this thesis we have shown 
that TrxR1 was over-expressed in the preneoplastic expanding clones as well as in growing 
neoplastic lesions during progression. Thus, the use of TrxR1 as an immunohistochemical 
marker for liver preneoplasia and/or neoplasia could be suggested. One drawback regarding 
the use of tissue markers are that liver biopsies are needed, a procedure that is not without 
risks for the patient, and also a costly method. We tried to measure the levels of TrxR1 in rat 
serum with a sensitive ELISA method but without success. A plasma or serum marker that is 

specific and sensitive for preneoplasia would be of great clinical value.  
We also administered sodium selenite to rats during liver regeneration and 
hepatocarcinogenesis. We found that this selenium compound reduced the nodule density 
during the progression phase of hepatocarcinogenesis but sodium selenite in the dose of 5 
µg/mL did not impair the normal liver regeneration. 
When we treated rats with 5 µg/mL a reduction of the expression of TrxR1 mRNA was 

observed in advanced liver cell carcinomas (data not published). This may indicate a different 
response to selenite in neoplastic cells to that of normal cells since a transiently increase in the 
mRNA expression was seen in normal regenerating hepatocytes. 
In a study done in our lab, long term administration of sodium selenite did neither cause toxic 
effects nor accumulation of selenium in liver tissue or serum, although the levels of selenium 
was initially increased in a dose dependent way [166].  
There are several reports about the tumour preventive effects of selenium but in a recent 
review these effects are questioned [167]. Based on over hundred studies of the selenium 
effect on different cancer types the authors of this review concluded that regular intake of 
selenium supplements for cancer prevention cannot be recommended to either the selenium-
replete or deficient populations, and they also suggested new and better studies in order to 
evaluate selenium as a preventive agent in cancer [167]. Thus, the anti-neoplastic effects of 
selenium compounds seen in the rat model of hepatocarcinogenesis used in the present study 
needs to be confirmed in clinical studies on humans. It is also important to consider that some 
organic selenium compounds, like selenomethionine seems to differ from inorganic, like 
sodium selenite, or other organic compounds like selenomethyselenocystein. 
So far, the only compound for systemic use which increases survival in patients with non-
resectable HCC is sorafenib. Sorafenib was registered in 2007 after the results of the SHARP 
trial demonstrated a survival benefit compared with placebo on advanced HCC [43]. Sorafenib 

is a multikinase inhibitor, inhibiting the tyrosine kinases of vascular endothelial growth factor 
receptor (VEGF-R), and also on kinases downstream this receptor such as threonine kinase 
activity of Raf in the Ras/Mek/ERK pathway, leading to decreased levels of phosphorylated ERK 
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and inhibition of cell division. Target cells are both hepatocytes and endothelial cells, making 
sorafenib a combined anti-angiogenic and anti-proliferative compound. 
The discovery of sorafenib was a big progress in the treatment of advanced liver cancer. 
However, sorafenib has side effects which must be taken into considerations when evaluating 

patients´ quality of life. Since sorafenib has been suggested as an adjuvant treatment after 
liver resection for HCC, the effects of sorafenib on liver regeneration is of interest. We 
therefore performed a study on the effects of sorafenib on liver regeneration using the same 
rat model as in paper I and II, namely the 2/3 PH rat model. 
In our first and short-term study we evaluated three doses of sorafenib, 5 mg, 10 mg and 15 
mg/kg bw, that was administered daily for one week before PH and then animals were 
sacrificed in groups of four at 16, 20 and 24 hours after PH. An additional group was sacrificed 
without any PH (0h). 
We could see a mild but non-significant effect on cell proliferation measured as MIB5 positive 
nuclei, while the relative liver weights were decreased in all doses at 24 hours. The levels of 
both ALT and AST were increased in a dose dependent manner at base-line (0h) and the 
highest dose gave an elevation of MIB5 positive nuclei indicating a toxic effect of the 
treatment with sorafenib inducing compensatory liver cell proliferation. 

In the long-term study in paper II we choose the 5 mg dose that was less toxic but still had an 
effect on liver growth after surgery.  Previous studies report the use of doses ranging from 5-
10 mg/kg [168]. 
In other similar studies conducted in mice conflicting results upon liver regeneration were 
shown. Hora et al showed inhibition of regeneration when sorafenib was administered after 
surgery but not if it was given before surgery. These results are in line with our data except for 

one important difference [169].  They could not detect any inhibiting effect on liver cell 
proliferation when sorafenib was stopped 24 hours before surgery while we saw a 
prolongation of the liver regeneration also in the “sorafenib pre-PH-group” in which treatment 
with sorafenib was stopped before PH. 
However, the last dose given in present study was two hours before PH. The half –life of 
sorafenib is 25-48 hours and the diverging results between their results and ours may be 
explained by the sorafenib dose given closer to the surgical event. The study by Hora et al. 
lasted until five days after surgery while we studied the whole regenerative process until 14 
days after surgery. Another murine study by Kurniali et al. could not detect any inhibitory 
effects of liver regeneration at the time points they measured which was 48 hours, 4 days and 
15 days after surgery [170].  However, in the study by Hora et al. the most marked effect on 
inhibition was seen at 72 hours post-surgery, and in the present study the most prominent 
inhibition was seen at 48 hours for BrdU positive nuclei and at 48 hours and 72 hours for 
inhibition of mitotic figures. Interestingly, at 7 days and 10 days we saw a compensatory 
increase in proliferation in the treated animals. 
One may speculate that the time points chosen in the Kurniali study failed to capture the 
inhibitory effect reported in ours and Hora´s study and also that a compensatory increase in 
cell proliferation that occurred in later time points may have masked a transient inhibitory 
effect of sorafenib.  

In a recent publication where rats received sorafenib for 14 days before PH in a dose of 15 
mg/kg body weight and sacrificed at day 2, 4 and 8 post hepatectomy, they showed results in 
line with our study [171]. The increase in proliferation in the treated animals seen in our study 
at day 7 was not seen at day 8 in their study. One explanation for these discrepancies can be 
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the dose, their dose being 3 times that of ours. Also, the period of increased proliferation 
might be missed because they sacrificed their animals at three time points only.  
In our study we can conclude that sorafenib prolonged the liver regeneration in proportion to 
the length of treatment. Interestingly, we saw that the liver cells adapted to the mitoinhibitory 

effect of sorafenib one week after surgery, and eventually reached a complete regeneration, 
but this was delayed until two weeks after surgery, which was significantly longer than the 
placebo animals, which completed their liver regeneration in 5 days. These findings indicate 
that sorafenib, if used in conjunction with surgery, prolongs regeneration but does not impair 
it completely. 
Studies have shown that cell lines adapted to the treatment of sorafenib and developed 
resistance upon long term treatment [172]. Hypothetically, treatment with sorafenib could 
select for the most aggressive growing tumour cells which in time may develop resistance. No 
studies so far on long term treatment have been reported, but this hypothesis has to be taken 
into consideration when giving sorafenib as a long-term prophylactic treatment in conjunction 
with resection or transplantation for HCC.   
Indeed, sorafenib has been tested as an adjuvant treatment preventing HCC recurrence after 
transplantation. The outcome was disappointing in one study [173], but other studies 

demonstrated better results [174, 175] with a delay of recurrence and metastases after liver 
transplantation [175]. In the post-transplantation setting, sorafenib is a safe and efficient 
therapy for recurrent HCC [176]. So far neither our data or data from others support a 
differentiated effect on surrounding and tumour tissue, respectively, that in theory could work 
as a selective force increasing the risk of relapse of sorafenib resistant HCC in long term 
treated patients. 

In the fourth paper we examined the difference in expression of the redox proteins Trx and 
Grx in hepatocellular carcinomas versus their surrounding tissue, and also correlated the 
expression to clinical parameters and elucidated if the expression of redox proteins could be 
used as diagnostic or prognostic markers for HCC. As internal controls we used the adjacent 
surrounding non-tumorous tissue and the relation of the expression in terms of color 
saturation after immunohistochemical staining was determined as the ratio of saturation in 
tumour to the saturation in the surrounding. The same was also done in CRC liver metastases 
patients and we compared the results with those of the HCCs. We found that the surrounding 
tissue in the resected HCC livers up-regulated redox proteins, even though the expression was 
higher in the tumours than in the surroundings. 
In HCC we found a significant higher ratio of the immunohistochemical saturation of Trx1, Trx2 
and Grx5 compared to respective surrounding non-tumorous tissue. In CRC liver metastases an 
even stronger up-regulation was seen in the tumours compared to the surrounding, which was 
seen for all redox proteins except for Grx2. The ratios of saturation of Trx1 and Grx3 in the 
tumours were significantly higher in CRCs compared to HCCs. This indicates a more prominent 
up-regulation of redox-proteins in CRCs than in HCC. This raised the question whether the 
difference seen was due to a stronger expression in the CRC tumours compared to HCCs, or 
stronger expression in HCC surrounding compared to CRC surrounding, or maybe both? 
To answer this question we compared the saturation of the immunohistochemical staining of 

Trx1 in all surroundings under the exact settings in the camera and microscope when shooting 
the photos and in the following processes in the computer when analyzing the saturation. We 
found that the saturations of Trx1 were significantly higher in HCC surroundings compared to 
the CRC surroundings. One explanation for these findings may be that since the HCCs resides 
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mostly in a liver with an underlying chronic liver disease with fibrosis and cirrhosis, there is an 
increases oxidative stress leading to an up-regulation of anti-oxidative defense systems like the 
thioredoxin and glutaredoxin systems. We draw the conclusion that redox proteins do not 
have a value as diagnostic markers for HCC since they are not specific for that tumour and also 

due to the up regulation seen in the surrounding tissue in chronic liver disease. 
To evaluate possible correlations between the expression of the redox proteins in HCCs and 
life-style factors such as smoking and alcohol consumption, we did correlation analysis and 
found decreased saturation ratios of Trx1 in the tumours relative to surrounding in smokers 
and in patients who drank more than 30 grams of alcohol per day. We found that after 
performing separate analysis of the saturation in tumours and surroundings, this difference 
was due to a significantly increased Trx1 expression in the surrounding livers from smokers 
and drinkers. 
The saturation of Trx1 in the tumours however did not differ compared with the non-smokers 
and those with low or moderate alcohol consumption. Accordingly, we concluded that 
drinking and smoking leads to an over-expression of Trx1 in the surrounding non-tumorous 
tissue while it does not affect the Trx1 level in the tumours themselves. A murine study 
demonstrated that Trx1 attenuated systemic inflammatory response in Trx1 overexpressing 

mice [177], indicating an important role of this protein in response to toxic induced oxidative 
stress.  
We also found a correlation between the metabolic syndrome and an up regulation of Grx2 in 
the HCCs, an indication of a different modulation of the redox defense system in this condition 
as compared to over-consumption of alcohol. Others have reported increased levels of 
thioredoxin in serum in patients with non-alcoholic steatohepatitis (NASH), which is a 

condition associated with the metabolic syndrome, indicating increased oxidative stress in this 
condition [20]. In a Chinese study of HBV associated HCC, metabolic changes was reported 
with up regulated antioxidant systems in patients with high levels of free fatty acids (FFA) 
[178]. 
We could not find any correlation between tumour differentiation and the expression levels of 
the redox proteins in HCC, however a significant inverse correlation between the total tumour 
diameter and the saturation levels of Trx2 was found, demonstrating a higher expression in 
patients with smaller HCCs.  There was also a non-significant trend towards increased Trx1 
protein expression in HCC tumours with micro-vascular invasion. 
Studies on redox proteins as prognostic markers have demonstrated that Trx1 expression in 
the invasive front was associated with a poor prognosis [124], and also in colorectal cancer 
liver metastases the expression of Trx1 was associated with bad prognosis [125]. All the CRCs 
were positive in our study which can be explained by the relatively low number of patients 
included.  
Tumour recurrence in the HCC patients of our study was 36% after a mean observation time of 
213 days, and we could not detect any differences in expression levels in this group compared 
to patients without recurrence. Possibly a longer observation time is needed to evaluate 
whether or not Trx and/or Grx protein expression differs between those with or without 
recurrence. Thus, from present data we cannot conclude that the expression of redox proteins 

can be of use as a prognostic marker in HCC. 
No correlation analysis between survival and redox proteins could be done because the 
observation time was too short with only 6 deceased patients. 
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We did correlation analysis of the IHC protein expression and mRNA expression and found a 
significant correlation in Trx1 but not Grx1. However, we had only fresh frozen material from 
five patients, but due the low number of samples and to sampling variability, these results 
must to be taken with caution.  

The cell proliferation varied both within and between tumours, but a correlation was found 
between high IHC ratios of Trx1 saturation in the tumours and the mean labeling index of the 
proliferation marker MIB5. We could also see a regional co expression of high proliferation and 
the expression of Trx1. The correlation between cell proliferation and Trx1 has been described 
earlier [179]. 
In conclusion, the present study demonstrates that redox proteins are up-regulated in the 
surrounding livers of patients with HCC as compared to those with CRC liver metastases, while 
the expression in the tumour itself is weaker in HCCs compared to CRC metastases. These data 
indicate that redox proteins are ubiquitously expressed in livers exposed to oxidative stress 
and various malignancies, and therefore cannot be used as diagnostic markers for HCC. Cell 
proliferation in HCCs correlated to the tumour expression of Trx1, but patients with tumour 
recurrence had similar redox expressions as those without, indicating that redox expressions 
lack a prognostic significance in HCC. 

 

 

3.1 GENERAL CONCLUSIONS 

 

 The iron-sensing pathway of hepcidin regulation is down-regulated during liver 

regeneration, which reduces hepcidin gene expression and promotes iron mobilization 

to the regenerating liver. 

 

 Treatment with sodium selenite reduces tumour volume in a rat model of 
hepatocarcinogenesis, but does not significantly compromise proliferation of normal 
hepatocytes during regeneration. 

 

 Overexpression of TrxR1 is a constituent of the neoplastic phenotype. 

 

 In a rat model of partial hepatectomy, sorafenib decreases cell proliferation and 

prolongs liver regeneration in proportion to the length of treatment. There is a partial 
adaptation to the inhibitory effects of sorafenib one week after the surgical event. 

 

 Thioredoxins and glutaredoxins are ubiquitously expressed in livers exposed to oxidative 

stress and various malignancies and can therefore not be used as diagnostic markers for 
HCC. Smoking and high alcohol consumption increase Trx1 expression in tissue 
surrounding the HCCs, whereas expression of Trx1 in the HCCs correlates to cell 
proliferation. Redox protein expression in HCCs cannot predict tumour recurrence after 
liver resection. 
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3.2 FUTURE PERSPECTIVES  

 

It is well known that the cytokine IL6 is crucial for induction of liver regeneration after partial 

hepatectomy. In our study we found an IL6 induction followed by increased hepcidin gene 
expression after surgery. However, it is unknown if hepcidin itself is essential for liver 
regeneration. This could be investigated using by the gene-knocking out method siRNA in cell 
lines. 
 
Given the result in paper II where we concluded that TrxR1 was a constituent of the neoplastic 
phenotype, it would be of interest to evaluate the diagnostic and prognostic significance of 
this enzyme in human HCCs. Another interesting protein involved in coordination of regulation 
of genes involved in the response to oxidative stress is nuclear factor erythroid 2 related factor 
2 (Nrf2). This factor was reported to be persistent activated in liver cancer cell lines and in 
mice [180].  
 
We showed that selenium had inhibitory effects on tumours in our rat model of 

hepatocarcinogenesis without impairing the growth of normal hepatocytes. We also showed 
that sorafenib prolonged the regeneration after PH in rat. One could speculate that selenium 
and sorafenib in combination could have beneficial effects in the treatment of human 
hepatocarcinogenesis. Thus, It would be interesting to evaluate if a combination treatment 
with sorafenib and selenium would enhance the inhibitory effect on liver tumours in rats and if 
so, the dose of sorafenib could be lowered to decrease side effects and still be an efficient 

mitoinhibitor.  
 

 

 

 

 

 

 

 

 

 

 



47 

 

4 ACKNOWLEDGEMENTS 

 

This thesis has been performed at the Department of Medicine, Division of Gastroenterology 

and Hepatology and the Department of Laboratory Medicine, Division of Pathology at 

Karolinska Institutet Huddinge. There are many people to whom I would like to express my 

sincere gratitude; you have directly or indirectly helped me to complete my doctoral studies 

and to finish this thesis. 

Jag vill rikta ett särskilt tack till: 

Min huvudhandledare Per Stål: jag är så tacksam att du tog dig an mig som doktorand! Du är 

pedagogisk och delar mer än gärna med dig av dina kunskaper och är genuint intresserad av 

att se dina adepter utvecklas. Tack! Du är dessutom en varm, snäll och behaglig person att 

umgås med. Tack för de härliga dagarna i Barcelona, särskilt för den sura mojiton. 

Min bihandledare Lennart Eriksson: jag har dig att tacka för så mycket! Dels för att du delat 

med dig av din expertis inom leverområdet men också för ditt sätt att vara som person. Du 

har varit som en pappa för mig på jobbet. Mer behöver jag inte säga. Stor kram till dig!  

Avdelningschefen på patologen Göran Andersson: tack för att du gav mig chansen att få vara 

med i patologens undervisning! Det har varit både roligt och lärorikt. Du är en kille med en 

särskild sorts humor som jag gillar, lite underfunding och ibland oväntad.  

Ulla-Britta Torndal: min rumskamrat och “labblärare”. Jag minns särskilt våra dagar uppe på 

djurlabb. I det sammanhanget är du överlägsen, ditt handhavande med djuren och din 

skicklighet när du opererar var en fröjd att se. Du sjunger fint också: ”Summan kummer me 

sol kummer yver hällmark o stein” 

Suvd Erkhembayar: Två artiklar fick vi ihop till slut du och jag och Lennart. Många trevliga 

stunder har vi haft och jag önskar dig all lycka till i fortsättningen! 

Aristi Fernandes: för fint samarbete i det humana leverprojektet, tack för hjälp och stöd på 

labbet med ELISA och Western blot och annat, och för att du anordnade journal clubs och 

seminarier. 

Mikael Björnstedt: för bra ideér och feedback under seminarier och diskussioner.  

Olle Danielsson: för din expertis inom leverpatologi. 

Jenny Flygare: min skuggmentor, tack för att du generöst delat dina kunskaper på labbet! 

Anna-Klara Rundlöf: också lite av en mentor med goda kunskaper på labb och teoretiskt!  

Carin Lundmark: för all immunohistoexpertis! Mycket uppskattat. Och tack för att jag fick 

chansen att pussa på dina små valpar! 



48 

 

 

Gareth Morgan, Pernilla Lång and Maria Norgård ni har varit oerhört värdefulla för mig för 

att komma vidare med mina bildanalyser. Sen är ni rätt trevliga också. 

Arja Kramsu: tack för allt tentavaktande vi haft ihop! Och framförallt tack för att du är en så 

bra matte åt lilla Belle! 

Tack till alla mina doktorandkollegor! Utan er vete tusan hur det hade gått! Massor med 

kärlek och kramar till er alla!! 

Filip Mundt, Adam Szulkin, Marita Wallenberg, Lisa Arodin, Christina Patlaka, Agata Wasik, 

Martin Lord, Sougat Misra, Rim Jawad, Carolina Vejheden, Vicky Chatzakos, Michael 

Krumpel, Tunde Szatmari, Ghazal Heidari Hamedani, Kristin Gustavsson, Marcus Selenius, 

Eric Olm, Erik Karlström, Carmen Flores-Staino, Carl-Olof Hillerdal, Anja Reitmeier 

Malin Ranestål: utan dig vore livet inte lika roligt. Och tack för den vita drömhunden Budgie! 

Mamma: min mamma, den finaste av mammor! Du har alltid stöttat och trott på mig genom 

livet och du finns alltid där vad som än händer. Älskar dig! 

Pappa: min pappa, den finaste av pappor! Även du har alltid stöttat och uppmuntrat, och 

förlåt om vi körde över dig lite med allehanda smådjur därhemma. Älskar dig! 

Min storasyster Synnöve och min storebror Patrik: vi har stötts och blötts ihop genom åren 

och utan er är inte jag riktigt hel. Ni har ju alltid funnits där. Puss I love you!! 

Mina svärföräldrar Bosse och Ingrid: ni är ett stort stöd i livet för oss. PUSS 

Mimmi, Budgie och Rosa (och Doris in memoriam) jag kan inte tänka mig ett liv utan en hund 

(eller tre) vid mina fötter. Ni får mig att leva i nuet och har varit ett fantastiskt sällskap under 

de långa dagar och nätter när jag skrivit på min avhandling. You make me complete. 

Våra barn, Alicia and Linus, jag har inte ord för att uttrycka min kärlek till er. Glöm aldrig att 

vad som än händer så finns vi där för er. 

Till sist vill jag tacka min make Patrick. Du har varit min livskamrat och bästa vän sedan 24 år, 

vi har färdats genom regn och is, genom mörker och dimma men här står vi, sida vid sida. 

Från djupet av mitt hjärta: jag älskar dig! 

Rönninge den 18 mars 2013 

 

  

 



5 REFERENCES 

 
1. Wisse E, Braet F, Luo D, De Zanger R, Jans D, Crabbe E, Vermoesen A: Structure and function 

of sinusoidal lining cells in the liver. Toxicologic pathology 1996, 24(1):100-111. 
2. Young VR, Steffee WP, Pencharz PB, Winterer JC, Scrimshaw NS: Total human body protein 

synthesis in relation to protein requirements at various ages. Nature 1975, 253(5488):192-
194. 

3. Mailliard ME, Kilberg MS: Sodium-dependent neutral amino acid transport by human liver 
plasma membrane vesicles. The Journal of biological chemistry 1990, 265(24):14321-14326. 

4. Moseley RH: Hepatic amino acid transport. Seminars in liver disease 1996, 16(2):137-145. 
5. Ashwell G, Harford J: Carbohydrate-specific receptors of the liver. Annual review of 

biochemistry 1982, 51:531-554. 
6. Besterman JM, Low RB: Endocytosis: a review of mechanisms and plasma membrane 

dynamics. The Biochemical journal 1983, 210(1):1-13. 
7. Yanger K, Stanger BZ: Facultative stem cells in liver and pancreas: fact and fancy. 

Developmental dynamics : an official publication of the American Association of Anatomists 
2011, 240(3):521-529. 

8. Mikhail S, He AR: Liver cancer stem cells. International journal of hepatology 2011, 
2011:486954. 

9. Endo Y, Zhang M, Yamaji S, Cang Y: Genetic abolishment of hepatocyte proliferation 
activates hepatic stem cells. PloS one 2012, 7(2):e31846. 

10. Benhamouche S, Curto M, Saotome I, Gladden AB, Liu CH, Giovannini M, McClatchey AI: 
Nf2/Merlin controls progenitor homeostasis and tumorigenesis in the liver. Genes & 
development 2010, 24(16):1718-1730. 

11. GLOBOCAN 2008, Estimated cancer Incidence, Mortality, Prevalence and Disability-
adjusted life years (DALYs) Worldwide in 2008 [http://globocan.iarc.fr/] 

12. Chang MH, Chen CJ, Lai MS, Hsu HM, Wu TC, Kong MS, Liang DC, Shau WY, Chen DS: 
Universal hepatitis B vaccination in Taiwan and the incidence of hepatocellular carcinoma 
in children. Taiwan Childhood Hepatoma Study Group. The New England journal of medicine 
1997, 336(26):1855-1859. 

13. Food, Nutrition, Physical Activity, and the Prevention of Cancer: A Global Perspective; 
2007. 

14. Loomba R, Yang HI, Su J, Brenner D, Barrett-Connor E, Iloeje U, Chen CJ: Synergism between 
obesity and alcohol in increasing the risk of hepatocellular carcinoma: a prospective cohort 
study. American journal of epidemiology 2013, 177(4):333-342. 

15. Bhattacharya R, Shuhart MC: Hepatitis C and alcohol: interactions, outcomes, and 
implications. Journal of clinical gastroenterology 2003, 36(3):242-252. 

16. Eriksson LC, Andersson GN: Membrane biochemistry and chemical hepatocarcinogenesis. 
Critical reviews in biochemistry and molecular biology 1992, 27(1-2):1-55. 

17. Solt D, Farber E: NEW PRINCIPLE FOR ANALYSIS OF CHEMICAL CARCINOGENESIS. Nature 
1976, 263(5579):701-703. 

18. Mise M, Arii S, Higashituji H, Furutani M, Niwano M, Harada T, Ishigami S, Toda Y, Nakayama 
H, Fukumoto M et al: Clinical significance of vascular endothelial growth factor and basic 
fibroblast growth factor gene expression in liver tumor. Hepatology (Baltimore, Md) 1996, 
23(3):455-464. 

19. Torimura T, Sata M, Ueno T, Kin M, Tsuji R, Suzaku K, Hashimoto O, Sugawara H, Tanikawa K: 
Increased expression of vascular endothelial growth factor is associated with tumor 
progression in hepatocellular carcinoma. Human pathology 1998, 29(9):986-991. 

http://globocan.iarc.fr/


50 

 

20. Yamaguchi R, Yano H, Iemura A, Ogasawara S, Haramaki M, Kojiro M: Expression of vascular 
endothelial growth factor in human hepatocellular carcinoma. Hepatology (Baltimore, Md) 
1998, 28(1):68-77. 

21. Ueno T, Takahashi K, Matsuguchi T, Ikejiri K, Endo H, Yamamoto M: Reactivation of rat 
insulin-like growth factor II gene during hepatocarcinogenesis. Carcinogenesis 1988, 
9(10):1779-1783. 

22. Schirmacher P, Held WA, Yang D, Chisari FV, Rustum Y, Rogler CE: Reactivation of insulin-like 
growth factor II during hepatocarcinogenesis in transgenic mice suggests a role in 
malignant growth. Cancer research 1992, 52(9):2549-2556. 

23. Cariani E, Lasserre C, Kemeny F, Franco D, Brechot C: Expression of insulin-like growth factor 
II, alpha-fetoprotein and hepatitis B virus transcripts in human primary liver cancer. 
Hepatology (Baltimore, Md) 1991, 13(4):644-649. 

24. Norstedt G, Levinovitz A, Moller C, Eriksson LC, Andersson G: Expression of insulin-like 
growth factor I (IGF-I) and IGF-II mRNA during hepatic development, proliferation and 
carcinogenesis in the rat. Carcinogenesis 1988, 9(2):209-213. 

25. Mead JE, Fausto N: Transforming growth factor alpha may be a physiological regulator of 
liver regeneration by means of an autocrine mechanism. Proceedings of the National 
Academy of Sciences of the United States of America 1989, 86(5):1558-1562. 

26. Yeh YC, Tsai JF, Chuang LY, Yeh HW, Tsai JH, Florine DL, Tam JP: Elevation of transforming 
growth factor alpha and its relationship to the epidermal growth factor and alpha-
fetoprotein levels in patients with hepatocellular carcinoma. Cancer research 1987, 
47(3):896-901. 

27. Chung YH, Kim JA, Song BC, Lee GC, Koh MS, Lee YS, Lee SG, Suh DJ: Expression of 
transforming growth factor-alpha mRNA in livers of patients with chronic viral hepatitis 
and hepatocellular carcinoma. Cancer 2000, 89(5):977-982. 

28. Stromblad S, Eriksson LC, Andersson G: Increased expression of and sensitivity to 
transforming growth factor-alpha: a promotive role during rat liver carcinogenesis. 
Molecular carcinogenesis 1994, 10(2):97-104. 

29. Sinha S, Webber C, Marshall CJ, Knowles MA, Proctor A, Barrass NC, Neal GE: Activation of 
ras oncogene in aflatoxin-induced rat liver carcinogenesis. Proceedings of the National 
Academy of Sciences of the United States of America 1988, 85(11):3673-3677. 

30. Fox TR, Schumann AM, Watanabe PG, Yano BL, Maher VM, McCormick JJ: Mutational 
analysis of the H-ras oncogene in spontaneous C57BL/6 x C3H/He mouse liver tumors and 
tumors induced with genotoxic and nongenotoxic hepatocarcinogens. Cancer research 
1990, 50(13):4014-4019. 

31. McMahon G, Davis EF, Huber LJ, Kim Y, Wogan GN: Characterization of c-Ki-ras and N-ras 
oncogenes in aflatoxin B1-induced rat liver tumors. Proceedings of the National Academy of 
Sciences of the United States of America 1990, 87(3):1104-1108. 

32. Lee HS, Rajagopalan MS, Vyas GN: A lack of direct role of hepatitis B virus in the activation 
of ras and c-myc oncogenes in human hepatocellular carcinogenesis. Hepatology 
(Baltimore, Md) 1988, 8(5):1116-1120. 

33. Takada S, Koike K: Activated N-ras gene was found in human hepatoma tissue but only in a 
small fraction of the tumor cells. Oncogene 1989, 4(2):189-193. 

34. Van Gijssel HE, Ohlson LC, Torndal UB, Mulder GJ, Eriksson LC, Porsch-Hallstrom I, Meerman 
JH: Loss of nuclear p53 protein in preneoplastic rat hepatocytes is accompanied by Mdm2 
and Bcl-2 overexpression and by defective response to DNA damage in vivo. Hepatology 
(Baltimore, Md) 2000, 32(4 Pt 1):701-710. 

35. Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I, Willingham MC: Cellular 
localization of the multidrug-resistance gene product P-glycoprotein in normal human 
tissues. Proceedings of the National Academy of Sciences of the United States of America 
1987, 84(21):7735-7738. 



51 

 

36. Chenivesse X, Franco D, Brechot C: MDR1 (multidrug resistance) gene expression in human 
primary liver cancer and cirrhosis. Journal of hepatology 1993, 18(2):168-172. 

37. Ozturk M: Genetic aspects of hepatocellular carcinogenesis. Seminars in liver disease 1999, 
19(3):235-242. 

38. Lasko D, Cavenee W, Nordenskjold M: Loss of constitutional heterozygosity in human 
cancer. Annual review of genetics 1991, 25:281-314. 

39. Aldana PR, Goerke ME, Carr SC, Tracy TF, Jr.: The expression of regenerative growth factors 
in chronic liver injury and repair. The Journal of surgical research 1994, 57(6):711-717. 

40. Bialecki ES, Di Bisceglie AM: Diagnosis of hepatocellular carcinoma. HPB : the official journal 
of the International Hepato Pancreato Biliary Association 2005, 7(1):26-34. 

41. Bruix J, Sherman M: Management of hepatocellular carcinoma. Hepatology (Baltimore, Md) 
2005, 42(5):1208-1236. 

42. Llovet JM, Bruix J: Systematic review of randomized trials for unresectable hepatocellular 
carcinoma: Chemoembolization improves survival. Hepatology (Baltimore, Md) 2003, 
37(2):429-442. 

43. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, de Oliveira AC, Santoro A, Raoul 
JL, Forner A et al: Sorafenib in advanced hepatocellular carcinoma. The New England journal 
of medicine 2008, 359(4):378-390. 

44. FDA Approval for Sorafenib Tosylate [www.cancer.gov] 
45. Wishart DS, Knox C, Guo AC, Cheng D, Shrivastava S, Tzur D, Gautam B, Hassanali M: 

DrugBank: a knowledgebase for drugs, drug actions and drug targets. Nucleic acids research 
2008, 36(Database issue):D901-906. 

46. Hu S, Chen Z, Franke R, Orwick S, Zhao M, Rudek MA, Sparreboom A, Baker SD: Interaction of 
the multikinase inhibitors sorafenib and sunitinib with solute carriers and ATP-binding 
cassette transporters. Clinical cancer research : an official journal of the American 
Association for Cancer Research 2009, 15(19):6062-6069. 

47. Flaherty KT, Lathia C, Frye RF, Schuchter L, Redlinger M, Rosen M, O'Dwyer PJ: Interaction of 
sorafenib and cytochrome P450 isoenzymes in patients with advanced melanoma: a phase 
I/II pharmacokinetic interaction study. Cancer chemotherapy and pharmacology 2011, 
68(5):1111-1118. 

48. PRODUCT INFORMATION, NEXAVAR (sorafenib tosylate) 
[www.bayerresources.com.au/resources/uploads/PI/file9402.pdf] 

49. Andrews NC: Iron homeostasis: insights from genetics and animal models. Nature reviews 
Genetics 2000, 1(3):208-217. 

50. Torti SV, Torti FM: Ironing out cancer. Cancer research 2011, 71(5):1511-1514. 
51. Deugnier YM, Charalambous P, Le Quilleuc D, Turlin B, Searle J, Brissot P, Powell LW, Halliday 

JW: Preneoplastic significance of hepatic iron-free foci in genetic hemochromatosis: a study 
of 185 patients. Hepatology (Baltimore, Md) 1993, 18(6):1363-1369. 

52. Williams GM, Klaiber M, Parker SE, Farber E: Nature of early appearing, carcinogen-induced 
liver lesions to iron accumulation. Journal of the National Cancer Institute 1976, 57(1):157-
165. 

53. Daniels TR, Delgado T, Helguera G, Penichet ML: The transferrin receptor part II: targeted 
delivery of therapeutic agents into cancer cells. Clinical immunology (Orlando, Fla) 2006, 
121(2):159-176. 

54. Pinnix ZK, Miller LD, Wang W, D'Agostino R, Jr., Kute T, Willingham MC, Hatcher H, Tesfay L, 
Sui G, Di X et al: Ferroportin and iron regulation in breast cancer progression and prognosis. 
Science translational medicine 2010, 2(43):43ra56. 

55. Coffman LG, Parsonage D, D'Agostino R, Jr., Torti FM, Torti SV: Regulatory effects of ferritin 
on angiogenesis. Proceedings of the National Academy of Sciences of the United States of 
America 2009, 106(2):570-575. 

 

http://www.cancer.gov/
http://www.bayerresources.com.au/resources/uploads/PI/file9402.pdf


52 

 

56. Li L, Fang CJ, Ryan JC, Niemi EC, Lebron JA, Bjorkman PJ, Arase H, Torti FM, Torti SV, 
Nakamura MC et al: Binding and uptake of H-ferritin are mediated by human transferrin 
receptor-1. Proceedings of the National Academy of Sciences of the United States of America 
2010, 107(8):3505-3510. 

57. Lippard SJB, J. M.: Principles of Bioinorganic Chemistry: Mill Valley: University Science Books. 
; 1994. 

58. Richardson DR, Ponka P: The molecular mechanisms of the metabolism and transport of 
iron in normal and neoplastic cells. Biochimica et biophysica acta 1997, 1331(1):1-40. 

59. Arosio P, Levi S: Ferritin, iron homeostasis, and oxidative damage. Free radical biology & 
medicine 2002, 33(4):457-463. 

60. Donovan A, Lima CA, Pinkus JL, Pinkus GS, Zon LI, Robine S, Andrews NC: The iron exporter 
ferroportin/Slc40a1 is essential for iron homeostasis. Cell metabolism 2005, 1(3):191-200. 

61. Morgan EH, Baker E: Iron uptake and metabolism by hepatocytes. Federation proceedings 
1986, 45(12):2810-2816. 

62. Lawen A, Lane DJ: Mammalian Iron Homeostasis in Health and Disease: Uptake, Storage, 
Transport, and Molecular Mechanisms of Action. Antioxidants & redox signaling 2013. 

63. Thorstensen K, Romslo I: The role of transferrin in the mechanism of cellular iron uptake. 
The Biochemical journal 1990, 271(1):1-9. 

64. Dautry-Varsat A, Ciechanover A, Lodish HF: pH and the recycling of transferrin during 
receptor-mediated endocytosis. Proceedings of the National Academy of Sciences of the 
United States of America 1983, 80(8):2258-2262. 

65. Trinder D, Zak O, Aisen P: Transferrin receptor-independent uptake of differic transferrin by 
human hepatoma cells with antisense inhibition of receptor expression. Hepatology 
(Baltimore, Md) 1996, 23(6):1512-1520. 

66. Goswami T, Andrews NC: Hereditary hemochromatosis protein, HFE, interaction with 
transferrin receptor 2 suggests a molecular mechanism for mammalian iron sensing. The 
Journal of biological chemistry 2006, 281(39):28494-28498. 

67. Thorstensen K, Romslo I: Uptake of iron from transferrin by isolated rat hepatocytes. A 
redox-mediated plasma membrane process? The Journal of biological chemistry 1988, 
263(18):8844-8850. 

68. Lane DJ, Lawen A: Non-transferrin iron reduction and uptake are regulated by 
transmembrane ascorbate cycling in K562 cells. The Journal of biological chemistry 2008, 
283(19):12701-12708. 

69. Lane DJ, Robinson SR, Czerwinska H, Bishop GM, Lawen A: Two routes of iron accumulation 
in astrocytes: ascorbate-dependent ferrous iron uptake via the divalent metal transporter 
(DMT1) plus an independent route for ferric iron. The Biochemical journal 2010, 432(1):123-
132. 

70. Liuzzi JP, Aydemir F, Nam H, Knutson MD, Cousins RJ: Zip14 (Slc39a14) mediates non-
transferrin-bound iron uptake into cells. Proceedings of the National Academy of Sciences of 
the United States of America 2006, 103(37):13612-13617. 

71. Rouault TA: The intestinal heme transporter revealed. Cell 2005, 122(5):649-651. 
72. Adams PC, Powell LW, Halliday JW: Isolation of a human hepatic ferritin receptor. 

Hepatology (Baltimore, Md) 1988, 8(4):719-721. 
73. Nemeth E, Valore EV, Territo M, Schiller G, Lichtenstein A, Ganz T: Hepcidin, a putative 

mediator of anemia of inflammation, is a type II acute-phase protein. Blood 2003, 
101(7):2461-2463. 

74. Nemeth E, Preza GC, Jung CL, Kaplan J, Waring AJ, Ganz T: The N-terminus of hepcidin is 
essential for its interaction with ferroportin: structure-function study. Blood 2006, 
107(1):328-333. 

75. Babitt JL, Huang FW, Wrighting DM, Xia Y, Sidis Y, Samad TA, Campagna JA, Chung RT, 
Schneyer AL, Woolf CJ et al: Bone morphogenetic protein signaling by hemojuvelin 
regulates hepcidin expression. Nature genetics 2006, 38(5):531-539. 



53 

 

76. Ganz T: Hepcidin and iron regulation, 10 years later. Blood 2011, 117(17):4425-4433. 
77. Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-Newen G, Schaper F: Principles of 

interleukin (IL)-6-type cytokine signalling and its regulation. The Biochemical journal 2003, 
374(Pt 1):1-20. 

78. Nakashima K, Yanagisawa M, Arakawa H, Kimura N, Hisatsune T, Kawabata M, Miyazono K, 
Taga T: Synergistic signaling in fetal brain by STAT3-Smad1 complex bridged by p300. 
Science (New York, NY) 1999, 284(5413):479-482. 

79. Orino K, Lehman L, Tsuji Y, Ayaki H, Torti SV, Torti FM: Ferritin and the response to oxidative 
stress. The Biochemical journal 2001, 357(Pt 1):241-247. 

80. Halliwell B, Gutteridge JM: Oxygen toxicity, oxygen radicals, transition metals and disease. 
The Biochemical journal 1984, 219(1):1-14. 

81. Ford GC, Harrison PM, Rice DW, Smith JM, Treffry A, White JL, Yariv J: Ferritin: design and 
formation of an iron-storage molecule. Philosophical transactions of the Royal Society of 
London Series B, Biological sciences 1984, 304(1121):551-565. 

82. Worwood M: Serum ferritin. Clinical science (London, England : 1979) 1986, 70(3):215-220. 
83. Rouault TA: The role of iron regulatory proteins in mammalian iron homeostasis and 

disease. Nature chemical biology 2006, 2(8):406-414. 
84. Bacon BR, O'Neill R, Park CH: Iron-induced peroxidative injury to isolated rat hepatic 

mitochondria. Journal of free radicals in biology & medicine 1986, 2(5-6):339-347. 
85. Myers BM, Prendergast FG, Holman R, Kuntz SM, LaRusso NF: Alterations in the structure, 

physicochemical properties, and pH of hepatocyte lysosomes in experimental iron 
overload. The Journal of clinical investigation 1991, 88(4):1207-1215. 

86. Bacon BR, Healey JF, Brittenham GM, Park CH, Nunnari J, Tavill AS, Bonkovsky HL: Hepatic 
microsomal function in rats with chronic dietary iron overload. Gastroenterology 1986, 
90(6):1844-1853. 

87. Britton RS, O'Neill R, Bacon BR: Chronic dietary iron overload in rats results in impaired 
calcium sequestration by hepatic mitochondria and microsomes [corrected]. 
Gastroenterology 1991, 101(3):806-811. 

88. Asare GA, Mossanda KS, Kew MC, Paterson AC, Kahler-Venter CP, Siziba K: Hepatocellular 
carcinoma caused by iron overload: a possible mechanism of direct hepatocarcinogenicity. 
Toxicology 2006, 219(1-3):41-52. 

89. Edwards CQ, Griffen LM, Goldgar D, Drummond C, Skolnick MH, Kushner JP: Prevalence of 
hemochromatosis among 11,065 presumably healthy blood donors. The New England 
journal of medicine 1988, 318(21):1355-1362. 

90. Powell LW, Kerr JF: The pathology of the liver in hemochromatosis. Pathobiology annual 
1975, 5:317-337. 

91. Scheuer PJ, Williams R, Muir AR: Hepatic pathology in relatives of patients with 
haemochromatosis. The Journal of pathology and bacteriology 1962, 84:53-64. 

92. Cardoso EM, Stal P, Hagen K, Cabeda JM, Esin S, de Sousa M, Hultcrantz R: HFE mutations in 
patients with hereditary haemochromatosis in Sweden. Journal of internal medicine 1998, 
243(3):203-208. 

93. Allen KJ, Gurrin LC, Constantine CC, Osborne NJ, Delatycki MB, Nicoll AJ, McLaren CE, Bahlo 
M, Nisselle AE, Vulpe CD et al: Iron-overload-related disease in HFE hereditary 
hemochromatosis. The New England journal of medicine 2008, 358(3):221-230. 

94. Corradini E, Garuti C, Montosi G, Ventura P, Andriopoulos B, Jr., Lin HY, Pietrangelo A, Babitt 
JL: Bone morphogenetic protein signaling is impaired in an HFE knockout mouse model of 
hemochromatosis. Gastroenterology 2009, 137(4):1489-1497. 

95. Pietrangelo A, Caleffi A, Corradini E: Non-HFE hepatic iron overload. Seminars in liver disease 
2011, 31(3):302-318. 

96. Bonkovsky HL: Iron and the liver. The American journal of the medical sciences 1991, 
301(1):32-43. 



54 

 

97. Karbownik-Lewi Ska MG, St Pniak J, Lewi Ski A: High level of oxidized nucleosides in thyroid 
mitochondrial DNA; damaging effects of Fenton reaction substrates. Thyroid research 2012, 
5(1):24. 

98. Combs GF, Jr., Gray WP: Chemopreventive agents: selenium. Pharmacology & therapeutics 
1998, 79(3):179-192. 

99. Sies H: Strategies of antioxidant defense. European journal of biochemistry / FEBS 1993, 
215(2):213-219. 

100. Lillig CH, Holmgren A: Thioredoxin and related molecules--from biology to health and 
disease. Antioxidants & redox signaling 2007, 9(1):25-47. 

101. Pan JL, Bardwell JC: The origami of thioredoxin-like folds. Protein science : a publication of 
the Protein Society 2006, 15(10):2217-2227. 

102. Berndt C, Lillig CH, Holmgren A: Thioredoxins and glutaredoxins as facilitators of protein 
folding. Biochimica et biophysica acta 2008, 1783(4):641-650. 

103. Martin JL: Thioredoxin--a fold for all reasons. Structure (London, England : 1993) 1995, 
3(3):245-250. 

104. Thelander L, Reichard P: Reduction of ribonucleotides. Annual review of biochemistry 1979, 
48:133-158. 

105. Laurent TC, Moore EC, Reichard P: ENZYMATIC SYNTHESIS OF DEOXYRIBONUCLEOTIDES. IV. 
ISOLATION AND CHARACTERIZATION OF THIOREDOXIN, THE HYDROGEN DONOR FROM 
ESCHERICHIA COLI B. The Journal of biological chemistry 1964, 239:3436-3444. 

106. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y, Kawabata M, Miyazono K, 
Ichijo H: Mammalian thioredoxin is a direct inhibitor of apoptosis signal-regulating kinase 
(ASK) 1. The EMBO journal 1998, 17(9):2596-2606. 

107. Matsui M, Oshima M, Oshima H, Takaku K, Maruyama T, Yodoi J, Taketo MM: Early 
embryonic lethality caused by targeted disruption of the mouse thioredoxin gene. 
Developmental biology 1996, 178(1):179-185. 

108. Nonn L, Williams RR, Erickson RP, Powis G: The absence of mitochondrial thioredoxin 2 
causes massive apoptosis, exencephaly, and early embryonic lethality in homozygous mice. 
Molecular and cellular biology 2003, 23(3):916-922. 

109. Holmgren A, Soderberg BO, Eklund H, Branden CI: Three-dimensional structure of 
Escherichia coli thioredoxin-S2 to 2.8 A resolution. Proceedings of the National Academy of 
Sciences of the United States of America 1975, 72(6):2305-2309. 

110. Lillig CH, Berndt C: Glutaredoxins in Thiol/Disulfide Exchange. Antioxidants & redox signaling 
2012. 

111. Lundberg M, Fernandes AP, Kumar S, Holmgren A: Cellular and plasma levels of human 
glutaredoxin 1 and 2 detected by sensitive ELISA systems. Biochemical and biophysical 
research communications 2004, 319(3):801-809. 

112. Lillig CH, Berndt C, Vergnolle O, Lonn ME, Hudemann C, Bill E, Holmgren A: Characterization 
of human glutaredoxin 2 as iron-sulfur protein: a possible role as redox sensor. Proceedings 
of the National Academy of Sciences of the United States of America 2005, 102(23):8168-
8173. 

113. Berndt C, Hudemann C, Hanschmann EM, Axelsson R, Holmgren A, Lillig CH: How does iron-
sulfur cluster coordination regulate the activity of human glutaredoxin 2? Antioxidants & 
redox signaling 2007, 9(1):151-157. 

114. Johansson C, Lillig CH, Holmgren A: Human mitochondrial glutaredoxin reduces S-
glutathionylated proteins with high affinity accepting electrons from either glutathione or 
thioredoxin reductase. The Journal of biological chemistry 2004, 279(9):7537-7543. 

115. Gladyshev VN, Liu A, Novoselov SV, Krysan K, Sun QA, Kryukov VM, Kryukov GV, Lou MF: 
Identification and characterization of a new mammalian glutaredoxin (thioltransferase), 
Grx2. The Journal of biological chemistry 2001, 276(32):30374-30380. 

 



55 

 

116. Lundberg M, Johansson C, Chandra J, Enoksson M, Jacobsson G, Ljung J, Johansson M, 
Holmgren A: Cloning and expression of a novel human glutaredoxin (Grx2) with 
mitochondrial and nuclear isoforms. The Journal of biological chemistry 2001, 
276(28):26269-26275. 

117. Isakov N, Witte S, Altman A: PICOT-HD: a highly conserved protein domain that is often 
associated with thioredoxin and glutaredoxin modules. Trends in biochemical sciences 2000, 
25(11):537-539. 

118. Cheng NH, Zhang W, Chen WQ, Jin J, Cui X, Butte NF, Chan L, Hirschi KD: A mammalian 
monothiol glutaredoxin, Grx3, is critical for cell cycle progression during embryogenesis. 
The FEBS journal 2011, 278(14):2525-2539. 

119. Lill R, Hoffmann B, Molik S, Pierik AJ, Rietzschel N, Stehling O, Uzarska MA, Webert H, 
Wilbrecht C, Muhlenhoff U: The role of mitochondria in cellular iron-sulfur protein 
biogenesis and iron metabolism. Biochimica et biophysica acta 2012, 1823(9):1491-1508. 

120. Fernandes AP, Capitanio A, Selenius M, Brodin O, Rundlof AK, Bjornstedt M: Expression 
profiles of thioredoxin family proteins in human lung cancer tissue: correlation with 
proliferation and differentiation. Histopathology 2009, 55(3):313-320. 

121. Soini Y, Kahlos K, Napankangas U, Kaarteenaho-Wiik R, Saily M, Koistinen P, Paaakko P, 
Holmgren A, Kinnula VL: Widespread expression of thioredoxin and thioredoxin reductase 
in non-small cell lung carcinoma. Clinical cancer research : an official journal of the American 
Association for Cancer Research 2001, 7(6):1750-1757. 

122. Nakamura H, Bai J, Nishinaka Y, Ueda S, Sasada T, Ohshio G, Imamura M, Takabayashi A, 
Yamaoka Y, Yodoi J: Expression of thioredoxin and glutaredoxin, redox-regulating proteins, 
in pancreatic cancer. Cancer detection and prevention 2000, 24(1):53-60. 

123. Lim JY, Yoon SO, Hong SW, Kim JW, Choi SH, Cho JY: Thioredoxin and thioredoxin-interacting 
protein as prognostic markers for gastric cancer recurrence. World journal of 
gastroenterology : WJG 2012, 18(39):5581-5588. 

124. Nagano M, Hatakeyama K, Kai M, Nakamura H, Yodoi J, Asada Y, Chijiiwa K: Nuclear 
expression of thioredoxin-1 in the invasion front is associated with outcome in patients 
with gallbladder carcinoma. HPB : the official journal of the International Hepato Pancreato 
Biliary Association 2012, 14(9):573-582. 

125. Noike T, Miwa S, Soeda J, Kobayashi A, Miyagawa S: Increased expression of thioredoxin-1, 
vascular endothelial growth factor, and redox factor-1 is associated with poor prognosis in 
patients with liver metastasis from colorectal cancer. Human pathology 2008, 39(2):201-
208. 

126. Zhu X, Huang C, Peng B: Overexpression of thioredoxin system proteins predicts poor 
prognosis in patients with squamous cell carcinoma of the tongue. Oral oncology 2011, 
47(7):609-614. 

127. Welsh SJ, Bellamy WT, Briehl MM, Powis G: The redox protein thioredoxin-1 (Trx-1) 
increases hypoxia-inducible factor 1alpha protein expression: Trx-1 overexpression results 
in increased vascular endothelial growth factor production and enhanced tumor 
angiogenesis. Cancer research 2002, 62(17):5089-5095. 

128. Welss T, Papoutsaki M, Michel G, Reifenberger J, Chimenti S, Ruzicka T, Abts HF: Molecular 
basis of basal cell carcinoma: analysis of differential gene expression by differential display 
PCR and expression array. International journal of cancer Journal international du cancer 
2003, 104(1):66-72. 

129. Cha MK, Kim IH: Preferential overexpression of glutaredoxin3 in human colon and lung 
carcinoma. Cancer epidemiology 2009, 33(3-4):281-287. 

130. Bjorkhem L, Teclebrhan H, Kesen E, Olsson JM, Eriksson LC, Bjornstedt M: Increased levels of 
cytosolic thioredoxin reductase activity and mRNA in rat liver nodules. Journal of 
hepatology 2001, 35(2):259-264. 

131. Gromer S, Eubel JK, Lee BL, Jacob J: Human selenoproteins at a glance. Cellular and 
molecular life sciences : CMLS 2005, 62(21):2414-2437. 



56 

 

132. Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigo R, Gladyshev VN: 
Characterization of mammalian selenoproteomes. Science (New York, NY) 2003, 
300(5624):1439-1443. 

133. Arthur JR, McKenzie RC, Beckett GJ: Selenium in the immune system. The Journal of nutrition 
2003, 133(5 Suppl 1):1457S-1459S. 

134. Arthur JR: The role of selenium in thyroid hormone metabolism. Canadian journal of 
physiology and pharmacology 1991, 69(11):1648-1652. 

135. Berzelius JJ: Lettre de M. Berzelius à M. Berthollet sur deux métaux nouveaux. (Letter from 
Mr. Berzelius to Mr. Berthollet on two new metals. . Annales de chimie et de physique 1818, 
7(2):199-206. 

136. Zhu YG, Pilon-Smits EA, Zhao FJ, Williams PN, Meharg AA: Selenium in higher plants: 
understanding mechanisms for biofortification and phytoremediation. Trends in plant 
science 2009, 14(8):436-442. 

137. Dietary Supplement Fact Sheet: Selenium [ods.od.nih.gov] 
138. Lu J, Holmgren A: Selenoproteins. The Journal of biological chemistry 2009, 284(2):723-727. 
139. Papp LV, Lu J, Holmgren A, Khanna KK: From selenium to selenoproteins: synthesis, identity, 

and their role in human health. Antioxidants & redox signaling 2007, 9(7):775-806. 
140. Kobayashi Y, Ogra Y, Ishiwata K, Takayama H, Aimi N, Suzuki KT: Selenosugars are key and 

urinary metabolites for selenium excretion within the required to low-toxic range. 
Proceedings of the National Academy of Sciences of the United States of America 2002, 
99(25):15932-15936. 

141. Bjornstedt M, Kumar S, Bjorkhem L, Spyrou G, Holmgren A: Selenium and the thioredoxin 
and glutaredoxin systems. Biomedical and environmental sciences : BES 1997, 10(2-3):271-
279. 

142. Frenkel GD, Falvey D, MacVicar C: Products of the reaction of selenite with intracellular 
sulfhydryl compounds. Biological trace element research 1991, 30(1):9-18. 

143. Tsen CC, Tappel AL: Catalytic oxidation of glutathione and other sulfhydryl compounds by 
selenite. The Journal of biological chemistry 1958, 233(5):1230-1232. 

144. Esaki N, Nakamura T, Tanaka H, Soda K: Selenocysteine lyase, a novel enzyme that 
specifically acts on selenocysteine. Mammalian distribution and purification and properties 
of pig liver enzyme. The Journal of biological chemistry 1982, 257(8):4386-4391. 

145. Suzuki KT, Kurasaki K, Suzuki N: Selenocysteine beta-lyase and methylselenol demethylase 
in the metabolism of Se-methylated selenocompounds into selenide. Biochimica et 
biophysica acta 2007, 1770(7):1053-1061. 

146. Moghadaszadeh B, Beggs AH: Selenoproteins and their impact on human health through 
diverse physiological pathways. Physiology (Bethesda, Md) 2006, 21:307-315. 

147. Whanger PD: Selenium and the brain: a review. Nutritional neuroscience 2001, 4(2):81-97. 
148. Chen J, Berry MJ: Selenium and selenoproteins in the brain and brain diseases. Journal of 

neurochemistry 2003, 86(1):1-12. 
149. Yang G, Zhou R: Further observations on the human maximum safe dietary selenium intake 

in a seleniferous area of China. Journal of trace elements and electrolytes in health and 
disease 1994, 8(3-4):159-165. 

150. Schweizer U, Dehina N, Schomburg L: Disorders of selenium metabolism and selenoprotein 
function. Current opinion in pediatrics 2011, 23(4):429-435. 

151. Shamberger RJ, Frost DV: Possible protective effect of selenium against human cancer. 
Canadian Medical Association journal 1969, 100(14):682. 

152. Whanger PD: Selenium and its relationship to cancer: an update. The British journal of 
nutrition 2004, 91(1):11-28. 

153. Bjornstedt M, Fernandes AP: Selenium in the prevention of human cancers. The EPMA 
journal 2010, 1(3):389-395. 

154. Medina D: Mechanisms of selenium inhibition of tumorigenesis. Advances in experimental 
medicine and biology 1986, 206:465-472. 



57 

 

155. Eriksson LC, Torndal UB, Andersson GN: Isolation and characterization of endoplasmic 
reticulum and Golgi apparatus from hepatocyte nodules in male wistar rats. Cancer 
research 1983, 43(7):3335-3347. 

156. Jiang C, Jiang W, Ip C, Ganther H, Lu J: Selenium-induced inhibition of angiogenesis in 
mammary cancer at chemopreventive levels of intake. Molecular carcinogenesis 1999, 
26(4):213-225. 

157. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with the Folin phenol 
reagent. The Journal of biological chemistry 1951, 193(1):265-275. 

158. Holmgren A, Bjornstedt M: Thioredoxin and thioredoxin reductase. Methods in enzymology 
1995, 252:199-208. 

159. Bjorkhem-Bergman L, Torndal UB, Eken S, Nystrom C, Capitanio A, Larsen EH, Bjornstedt M, 
Eriksson LC: Selenium prevents tumor development in a rat model for chemical 
carcinogenesis. Carcinogenesis 2005, 26(1):125-131. 

160. Milland J, Tsykin A, Thomas T, Aldred AR, Cole T, Schreiber G: Gene expression in 
regenerating and acute-phase rat liver. The American journal of physiology 1990, 259(3 Pt 
1):G340-347. 

161. Sheikh N, Batusic DS, Dudas J, Tron K, Neubauer K, Saile B, Ramadori G: Hepcidin and 
hemojuvelin gene expression in rat liver damage: in vivo and in vitro studies. American 
journal of physiology Gastrointestinal and liver physiology 2006, 291(3):G482-490. 

162. Goodnough JB, Ramos E, Nemeth E, Ganz T: Inhibition of hepcidin transcription by growth 
factors. Hepatology (Baltimore, Md) 2012, 56(1):291-299. 

163. Yoo MH, Xu XM, Carlson BA, Patterson AD, Gladyshev VN, Hatfield DL: Targeting thioredoxin 
reductase 1 reduction in cancer cells inhibits self-sufficient growth and DNA replication. 
PloS one 2007, 2(10):e1112. 

164. Rollins MF, van der Heide DM, Weisend CM, Kundert JA, Comstock KM, Suvorova ES, 
Capecchi MR, Merrill GF, Schmidt EE: Hepatocytes lacking thioredoxin reductase 1 have 
normal replicative potential during development and regeneration. Journal of cell science 
2010, 123(Pt 14):2402-2412. 

165. Mandal PK, Schneider M, Kolle P, Kuhlencordt P, Forster H, Beck H, Bornkamm GW, Conrad 
M: Loss of thioredoxin reductase 1 renders tumors highly susceptible to pharmacologic 
glutathione deprivation. Cancer research 2010, 70(22):9505-9514. 

166. Erkhembayar S, Mollbrink A, Eriksson M, Larsen EH, Eriksson LC: Selenium homeostasis and 
induction of thioredoxin reductase during long term selenite supplementation in the rat. 
Journal of trace elements in medicine and biology : organ of the Society for Minerals and 
Trace Elements (GMS) 2011, 25(4):254-259. 

167. Dennert G, Zwahlen M, Brinkman M, Vinceti M, Zeegers MP, Horneber M: Selenium for 
preventing cancer. Cochrane database of systematic reviews (Online) 2011(5):CD005195. 

168. Reiberger T, Angermayr B, Schwabl P, Rohr-Udilova N, Mitterhauser M, Gangl A, Peck-
Radosavljevic M: Sorafenib attenuates the portal hypertensive syndrome in partial portal 
vein ligated rats. Journal of hepatology 2009, 51(5):865-873. 

169. Hora C, Romanque P, Dufour JF: Effect of sorafenib on murine liver regeneration. 
Hepatology (Baltimore, Md) 2011, 53(2):577-586. 

170. Kurniali PC, O'Gara K, Wang X, Wang LJ, Somasundar P, Falanga V, Espat NJ, Katz SC: The 
effects of sorafenib on liver regeneration in a model of partial hepatectomy. The Journal of 
surgical research 2012, 178(1):242-247. 

171. Andersen KJ, Knudsen AR, Kannerup AS, Sasanuma H, Nyengaard JR, Hamilton-Dutoit S, 
Ladekarl M, Mortensen FV: Sorafenib inhibits liver regeneration in rats. HPB : the official 
journal of the International Hepato Pancreato Biliary Association 2013. 

172. van Malenstein H, Dekervel J, Verslype C, Van Cutsem E, Windmolders P, Nevens F, van Pelt J: 
Long-term exposure to sorafenib of liver cancer cells induces resistance with epithelial-to-
mesenchymal transition, increased invasion and risk of rebound growth. Cancer letters 
2013, 329(1):74-83. 



58 

 

173. Sotiropoulos GC, Nowak KW, Fouzas I, Vernadakis S, Kykalos S, Klein CG, Paul A: Sorafenib 
treatment for recurrent hepatocellular carcinoma after liver transplantation. 
Transplantation proceedings 2012, 44(9):2754-2756. 

174. Sacco R, Bargellini I, Ginanni B, Bertini M, Faggioni L, Federici G, Romano A, Bertoni M, 
Metrangolo S, Altomare E et al: Long-term results of sorafenib in advanced-stage 
hepatocellular carcinoma: what can we learn from routine clinical practice? Expert review 
of anticancer therapy 2012, 12(7):869-875. 

175. Yan J, Tan C, Gu F, Jiang J, Xu M, Huang X, Dai Z, Wang Z, Fan J, Zhou J: Sorafenib delays 
recurrence and metastasis after liver transplantation in a rat model of hepatocellular 
carcinoma with high expression of pERK. Liver transplantation : official publication of the 
American Association for the Study of Liver Diseases and the International Liver 
Transplantation Society 2013. 

176. Vitale A, Boccagni P, Kertusha X, Zanus G, D'Amico F, Lodo E, Pastorelli D, Ramirez Morales R, 
Lombardi G, Senzolo M et al: Sorafenib for the treatment of recurrent hepatocellular 
carcinoma after liver transplantation? Transplantation proceedings 2012, 44(7):1989-1991. 

177. Sato A, Hara T, Nakamura H, Kato N, Hoshino Y, Kondo N, Mishima M, Yodoi J: Thioredoxin-1 
suppresses systemic inflammatory responses against cigarette smoking. Antioxidants & 
redox signaling 2006, 8(9-10):1891-1896. 

178. Zhao J, Zhao Y, Wang H, Gu X, Ji J, Gao C: Association between metabolic abnormalities and 
HBV related hepatocelluar carcinoma in Chinese: a cross-sectional study. Nutrition journal 
2011, 10:49. 

179. Soini Y, Kallio JP, Hirvikoski P, Helin H, Kellokumpu-Lehtinen P, Tammela TL, Peltoniemi M, 
Martikainen PM, Kinnula LV: Antioxidant enzymes in renal cell carcinoma. Histology and 
histopathology 2006, 21(2):157-165. 

180. Inami Y, Waguri S, Sakamoto A, Kouno T, Nakada K, Hino O, Watanabe S, Ando J, Iwadate M, 
Yamamoto M et al: Persistent activation of Nrf2 through p62 in hepatocellular carcinoma 
cells. The Journal of cell biology 2011, 193(2):275-284. 

 
 
 
 
 
 
 



 

   

 


