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1. Introduction 

1.1. Overview of iron metabolism 

Iron plays an essential role in the mammalian metabolism. The vast majority of iron 

(~25mg/day in humans) is dedicated to hemoglobin synthesis [78, 87], but iron is also 

required for some enzymes and for host defense via generation of reactive oxygen or 

nitrogen [78]. On the other hand iron can be toxic because of its ability to engage in Fenton 

reaction (figure 1) leading to the generation of superoxide anions and radicals [119], which 

give rise to tissue damage by reaction with DNA, proteins and lipids [49, 142]. 

Fe2+ + H2O2  Fe3+ + OH- + OH·   

Figure 1: Fenton reaction. Fe(II) can react with hydrogen peroxide to form Fe(III), a hydroxide ion and a 

hydroxyl radical. The hydroxyl radical is very reactive and can damage DNA, lipids, amino acids and 

carbohydrates. H2O2 - hydrogen peroxide; OH- - hydroxide ion; OH· - hydroxyl radical. 

There are two different ways of iron supply: On the one hand recycling of iron from 

senescent erythrocytes by macrophages, on the other hand uptake of dietary iron. The 

biggest amount of iron is released from macrophages as they phagocyte erythrocytes, 

which have a medium live span of 120 days [49, 78]. The additional amount of iron is 

provided by dietary uptake (figure 2) which takes place in the brush border of enterocytes 

in duodenum and upper jejunum via DMT1 (divalent metal transporter 1), which transports 

Fe(II) and other divalent metals [49, 84]. Dietary iron is often available in an oxidized 

status and it has to be first reduced by duodenal cytochrome b, a ferrireductase localized on 

the apical membrane of enterocytes [87]. In the cytoplasma of the enterocytes iron is stored 

within the storage molecule ferritin [49] or exported into the blood via the transporter 

ferroportin [1, 56, 112] found on the basolateral membrane of the enterocytes. Ferroportin 

is the only known cellular iron exporter and is found abundantly in macrophages, 

enterocytes, hepatocytes and cells of the placenta [49]. On the basolateral membrane 

ferrous Fe(II) is oxidized to ferric Fe(III) by the ferroxidase hephaestin [175] and a 

chemical gradient is generated, which is the driving force for the iron export via ferroportin 

[49]. In the blood iron binds to transferrin [87], which is the most abundant plasmatic iron 

carrier [78]. Transferrin plays an important role because on one hand transferrin-bound 

iron cannot generate toxic radicals and on the other it directly delivers iron to cells, which 

express a transferrin receptor (all dividing cells, especially precursors of erythrocytes and 
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hepatocytes) [49]. The liver, which is the main storage place for iron, takes up transferrin-

bound iron via transferrin receptor 1 (TfR1), while the physiological importance of TfR2 

remains controversial [69, 97]. Iron which exceeds the needed amount is stored bound to 

ferritin, which oxidizes Fe(II) to Fe(III). In conditions with demand of iron, this stored iron 

can be released by degradation of ferritin [48]. 

 

Figure 2: Iron-uptake from the intestinum. Ferric Fe(III), contained in food, is reduced to ferrous Fe(II) by 

duodenal cytochrome b, a ferrireductase on the apical brush border of enterocytes in duodenum and upper 

jejunum. Fe(II) is imported into enterocytes via DMT1; it is either stored bound to ferritin or it is exported by 

the transporter ferroportin. On the basolateral membrane Fe(II) is oxidized to Fe(III) by the ferroxidase 

hephaestin. Fe(III) is bound by transferrin and transported to all cells with transferrin receptors, such as 

hepatocytes and precursors of erythrocytes. Dcytb – duodenal cytochrome b; DMT1 – divalent metal 

transporter 1; Fe(II) – ferrous iron; Fe(III) – ferric iron; FPN – ferroportin. 

1.2. Regulation of iron metabolism 

The iron metabolism is strongly regulated, as both iron overload and lack of iron are to be 

avoided [11]. Iron loss occurs by desquamation of skin, sloughing of intestinal epithelial 

cells, bleeding or sweat [78, 87] and cannot be enhanced by the body even in situations of 

iron overload [78]. Therefore the regulation of the iron homeostasis is performed via 

regulation of iron uptake: In situations with higher need of iron, such as after blood loss or 
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during pregnancy, the iron absorption is increased, whereas it is suppressed in situations of 

iron overload [87].  

1.2.1. Role of hepcidin 

The hormone hepcidin is the main regulator of iron metabolism. It is encoded by hepcidin 

antimicrobial peptide (HAMP) gene and synthesized as inactive pro-hepcidin mainly by 

hepatocytes, but also in small amounts in extrahepatic cells like macrophages [109, 128] 

and adipocytes [27]. It needs to be cleaved by the prohormone convertase furin to generate 

active hepcidin. In the active status hepcidin binds to ferroportin, which is the only known 

iron exporter on macrophages, enterocytes and hepatocytes [49]. Binding of hepcidin leads 

to internalization and lysosomal degradation of ferroportin [124] and therefore stops the 

release of recycled iron from macrophages, the release of iron from hepatocytes and the 

dietary uptake of iron via enterocytes, leading to decreased serum iron. 

1.2.2. Regulation of hepcidin synthesis 

As hepcidin functions as main regulator of iron metabolism, its synthesis needs to be 

tightly regulated [87, 131]. Hepcidin is a negative regulator of iron and therefore its 

synthesis is increased in situations when iron is abundant, limiting release and uptake of 

iron. When iron is rare, synthesis of hepcidin is depressed, leading to higher iron uptake 

and release. This feedback regulation [151] requires iron sensors, which are coupled to the 

regulation of hepcidin. The exact molecular mechanisms are not completely understood 

yet, but it is thought that transferrin receptor 1 (TfR1), transferrin receptor 2 (TfR2) and 

human hemochromatosis protein (HFE) [82] together act as holotransferrin sensors [80, 

159]. Increased concentrations of holotransferrin shift the binding of HFE from TfR1 to 

TfR2 leading to stabilization of TfR2. This can adjust the regulation via bone morphologic 

protein 6 (BMP6) [13, 38, 116] and its coreceptor hemojuvelin (HJV) [15, 138]. BMP6 

binds to a complex of BMP receptors – this binding can be facilitated by direct interaction 

between HJV and BMP6 – and leads to phosphorylation of BMP receptor I (BMPR-I). 

This in turn activates phosphorylation of the son of mothers against decapentaplegic 

(SMAD) protein, which translocates to the nucleus and activates transcription of hepcidin.  

The synthesis is not only regulated by the amount of iron present in the body, but also by 

the need of iron for erythropoiesis. In situations with enhanced erythropoiesis, i.e., 

pregnancy or hypoxia, hepcidin synthesis is depressed to increase the serum iron, which is 
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available for hemoglobin synthesis. This pathway is activated by a signal of erythroid 

precursors in the bone marrow and is mediated via the HIF/erythropoietin signaling [78, 

137].  

Hepcidin is also an antimicrobial peptide [140] and as a result the amount of hepcidin is 

increased during inflammatory reaction. This is an early mechanism of the innate immune 

defense because some microbes cannot multiplicate in the absence of iron. Higher levels of 

hepcidin reduce the amount of serum iron and the multiplication of the microbes is 

impaired. The synthesis of hepcidin is promoted via Interleukin 6 (IL-6), which activates 

the Signal Transducer and Activator of Transcription protein 3 (STAT3) pathway [123, 

173, 183]. 

1.2.3. Different forms of hepcidin in mice 

In contrast to the human genome, which contains only one copy of the hepcidin gene, mice 

have two similar hepcidin genes, hepc1 and hepc2 [146], which are located close to each 

other. Some different hypotheses about the origin of the second hepcidin gene exist, i.e., 

one of them suggesting, that the second gene is caused by duplication of the other one [92]. 

The relatively high conservation between both genes led to the theory that this duplication 

happened recently [92]. Both genes are up regulated in situations of iron overload, but in 

contrast to hepc1, hepc2 does not seem to play a major role in iron homeostasis [92, 110].  

1.3. Iron overload 

1.3.1. Inherited iron overload 

Genetic iron overload, called hereditary hemochromatosis (HH) is characterized by an 

increased intestinal absorption of dietary iron, which leads to cell and tissue damage 

caused by progressive iron overload [145].  

Three different classes of hereditary hemochromatosis are known so far, which differ in 

times of onset, symptoms and mechanism of iron overload [113, 157]: classical 

hemochromatosis, juvenile hemochromatosis and ferroportin disease [172]. 

Classical hemochromatosis is the most common one. It results typically from an autosomal 

mutation of the HFE gene [65] giving rise to hemochromatosis type 1, most times the 

homozygous p.C282Y mutation, which is highly prevalent in populations of northern 
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Europe [9]. But it can also be caused by a rare mutation in transferrin receptor 2 (TFR2) 

gene [37, 98], which is then called hemochromatosis type 3. The iron overload occurs due 

to low secretion of hepcidin, as there is a defect in the regulation of hepcidin synthesis, 

which leads to an increased uptake of dietary iron. In people with this sort of mutation, the 

disease is only partially penetrant [136, 148] and more apparent in men than women. In 

most cases the disease is clinically silent and becomes only evident because of abnormal 

blood parameters, i.e., elevated serum transferrin saturation or elevated ferritin levels. 

When the amount of iron exceeds the amount of transferrin, it cannot be bound anymore 

and non-transferrin bound iron (NTBI) is formed, which represents the more toxic iron 

species [24, 32]. Typical clinical presentations of hemochromatosis include hepatomegaly, 

liver fibrosis, liver cirrhosis, skin pigmentation, diabetes mellitus, cardiomyopathy, 

arthritis, hypogonadism and in further progress it can give rise to hepatocellular carcinoma 

[72]. Development of these manifestations depends on different factors, i.e., degree of iron 

overload [2, 133] and can be accelerated by excess alcohol consumption, steatosis or 

coexisting viral hepatitis [17]. 

Juvenile hemochromatosis, also called hemochromatosis type 2 is a rare autosomal 

recessive disorder either caused by a mutation in HJV [134], leading to hemochromatosis 

type 2A or a mutation in HAMP, giving rise to hemochromatosis type 2B. It manifests in 

late childhood or early adulthood and affects both genders equally. Main symptoms are 

cardiomyopathy, hypogonadotrophic hypogonadism, liver damage and endocrine 

dysfunction, which are more severe than in classical hemochromatosis [50, 138, 153]. 

In both classical and juvenile hemochromatosis, genes which encode hepcidin itself or the 

regulation of hepcidin synthesis are defect and therefore synthesis of hepcidin is too low, 

resulting in less internalization and degradation of ferroportin, what secondarily leads to 

iron overload. The mechanism of the third class of hemochromatosis, called ferroportin 

disease, is different from the other two classes. In contrast to the other types of 

hemochromatosis, ferroportin disease [144] also called hemochromatosis type 4, is an 

autosomal dominant disorder, which can be caused either by a loss-of-function mutation of 

ferroportin reducing the ability to export iron, or by a mutation of ferroportin, which makes 

ferroportin resistant to the internalization by hepcidin. As ferroportin is a downstream 

target of hepcidin, the hepcidin level in this form of hemochromatosis is not decreased 

[139], but the effects of hepcidin are impaired. Iron deposition in ferroportin disease 

primarily affects the macrophages. 
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Currently the only therapeutic option for hereditary hemochromatosis is the regular 

removal of iron via phlebotomy, while iron chelators are rarely used for genetic iron 

overload because of potential side effects. 

1.3.2. Acquired iron overload 

Another common form of severe iron overload is caused by regular blood transfusions in 

patients with different diseases of the hemoglobin synthesis, i.e., β-thalassemia or rare 

congenital dyserythropoietic anemias. As these patients are not able to produce correct 

hemoglobin molecules on their own, they need regular transfusions of mature erythrocytes. 

By recycling of senescent erythrocytes iron is released, but because of impaired 

erythropoiesis patients cannot use this iron to produce hemoglobin and therefore with 

every transfusion iron accumulates in body if not bound by iron chelators. 

1.3.3 Iron overload in chronic liver disease 

Iron overload is not only associated with genetic disorders, i.e., hemochromatosis or 

thalassemia, but also occurs in patients with chronic liver disease [174] without any 

underlying genetic defect. Moreover, multiple reports suggest that such an acquired iron 

accumulation promotes the development of liver fibrosis, progression of the underlying 

liver disease [63] and the development of hepatocellular carcinoma (HCC) [121]. For 

example, in chronic hepatitis C, increased hepatic iron levels are associated with higher 

disease severity [104]. As a responsible pathomechanism, some studies suggest, that 

hepatitis C virus (HCV) induces a down regulation of hepcidin transcription and a higher 

ferroportin expression, which in turn promotes iron overload [135]. Other studies claim 

that higher iron levels in chronic liver disease are caused by release of iron from damaged 

hepatocytes [28].  

1.3.4. Different mouse models for iron overload 

To study the consequences of human iron overload, several transgenic mouse models were 

generated. As HFE, a major histocompatibility complex (MHC) class I like protein, is the 

most common reason for hereditary hemochromatosis in humans, several mouse models 

with different mutations in HFE gene were developed. Five different mutations in the 

mouse HFE gene were produced [18, 108, 165, 186] and all of them displayed high hepatic 

iron concentrations. HFE knockout mice showed a more severe phenotype with additional 

findings i.e., decreased expression of hepcidin [5] and increased dietary iron uptake [8]. 
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These mice can be used as models for HH type 1 (classical hemochromatosis), but they do 

not develop an iron overload caused disease as their hepatic iron content reaches a plateau 

at the age of about 10 weeks and they never develop liver fibrosis or liver cirrhosis [12, 

186]. 

Mice with mutations in transferrin receptor 2 (TfR2) represent another useful model for 

classic hereditary hemochromatosis. There are two different models with non-functional 

TfR2 [37, 71, 178], both leading to hepatic iron overload and low hepcidin levels [57, 98]. 

Mice with a combined deletion of TfR2 and HFE display an even more severe phenotype 

than those with only one gene deletion [179]. 

HJV knockout mice serve as a model for hereditary hemochromatosis type 2A (juvenile 

hemochromatosis) [88]. They display strongly increased amounts of iron in liver, pancreas 

and heart but not in macrophages [134], but do not develop diabetes or cardiomyopathy 

[134], which is common in patients with juvenile hemochromatosis. 

As already mentioned before, hepcidin plays a key role in the iron metabolism by 

downregulating ferroportin and therefore decreasing the dietary iron uptake and the iron 

release from hepatocytes or macrophages. The first hepcidin deficient mouse was an Usf2 

(upstream transcription factor 2) knockout mouse with a deletion of both downstream lying 

hepcidin genes (hepc1 and hepc2) [129] leading to a complete lack of hepcidin. Usf2 

knockout mice were initially created to investigate the glucose dependent transcription of 

L-type pyruvate kinase and Spot 14 genes in the liver [171]. These mice present with iron 

overload in different organs, especially liver and pancreas, but not within the spleen [129]. 

The next hepcidin knockout mouse was developed by Lesbordes-Brion et al. [107] and 

contained a disrupted hepc1 gene, while hepc2 displayed normal levels. These hepc1 

knockout mice present severe and early iron overload in multiple organs but not in the 

macrophages. The phenotypes of Usf2- and hepc1 knockout mice are very similar, leading 

to confirmation of the hypothesis that only hepc1 is responsible for iron metabolism, while 

the role of hepc2 is still not understood. Hepcidin knockout mice represent a useful model 

for hemochromatosis type 2B (juvenile hemochromatosis). 

The flatiron (ffe) mouse presents with a missense mutation in SLC40A1, the gene which 

encodes ferroportin. This mutation affects the localization and the ability of ferroportin to 

export iron and as a result serves as a model for ferroportin disease, also called hereditary 

hemochromatosis type 4 [187]. These mice develop iron overload in Kupffer cells and 
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display high levels of ferritin. Similar to humans this defect is dominant, i.e., heterozygous 

mice manifest with the phenotype of hemochromatosis. 

1.4. Lack of iron 

In situations of low plasma iron, i.e., poor iron uptake or abnormal blood loss, erythrocyte 

precursors are not able to take up enough iron. This leads to reduced hemoglobin synthesis 

and therefore to hypochrome and microcytic anemia with typical symptoms like fatigue, 

weakness and pallor. But as iron is not only necessary for the hemoglobin synthesis, lack 

of iron also leads to changes in other cells, i.e., cells of nails, tongue and esophagus [78]. 

There exist plenty of mouse models for iron deficiency; some of them are based on 

overexpression of hepcidin. These mice present with severe microcytic and hypochrome 

anemia and very low body iron levels leading to a low survival rate [130]. Erythropoesis of 

these mice is strongly disturbed and erythrocytes present with anisocytosis, poikilocytosis 

and hypochromia [130].  

1.5. Tissue toxicity of iron 

As mentioned above, iron overload occurs in different chronic liver diseases such as 

hemochromatosis, chronic hepatitis C, alcoholic liver disease (ALD) and non-alcoholic 

fatty liver disease (NAFLD) [16]. Several mechanisms can account for the suggested role 

of iron in the progression of liver diseases. But the exact mechanisms how iron overload 

leads to liver damage are complex and not completely understood yet. On the one hand 

iron induces oxidative stress via Fenton reaction [142] and oxyradicals play a role in 

peroxidation of lipid membranes leading to organelle fragility and damage of cells [150]. 

Another hypothesis claims that lysosomal dysfunction contributes to tissue toxicity of iron: 

Excessive iron is stored within lysosomes [160] and leads to peroxidation of lysosomal 

membranes [33, 156]. As a consequence release of hydrolytic enzymes like cathepsins into 

cytoplasma occurs [164] giving rise to apoptosis and necrosis of hepatocytes [25, 34]. 

Although the largest amount of cytosolic iron within body is stored bound to ferritin, a 

small part of it gets imported into mitochondria for heme and Fe/S cluster biosynthesis 

[87]. Mitochondrial iron overload as well as lysosomal iron overload lead to tissue toxicity 

as proven in several studies [87, 150, 164]. Additionally activation of macrophages with 

release of cytokines modulates the course of liver damage. Cytokines, especially TGF-β1 
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activate hepatic stellate cells [83], which in turn change to myofibroblast like cells and 

synthesize collagen fibers leading to fibrosis [125, 152, 158]. 

1.6. Interactions between iron- and fat-metabolism 

Non-alcoholic fatty liver disease (NAFLD) can be seen as hepatic manifestation of the 

metabolic syndrome [36, 126] and seems to be at least in part due to increased uptake of 

dietary fat and increased hepatic lipogenesis [42]. A subset of patients displays a 

significant iron overload, a combination which is also termed as insulin resistance hepatic 

iron overload syndrome or dysmetabolic iron overload syndrome (DIOS) [61, 115]. The 

pathogenesis of DIOS is not completely understood yet, but it seems to represent an 

acquired condition in that these patients do not have any hemochromatotic gene mutations 

[43]. Studies based on the high fat mouse model suggested that HF-diet alone give rise to 

higher iron uptake like ethanol does [94, 120]. The iron overload in NAFLD and non-

alcoholic steatohepatitis (NASH) can be seen in hepatocytes and Kupffer cells [169]. The 

intensity of iron overload correlates with the degree of fibrosis and with the progression of 

NAFLD/NASH [81]. Interactions between the fat- and the iron metabolism within the liver 

can be suggested as the liver is the main site for both pathways. In patients with 

NAFLD/NASH significantly lower levels of ferroportin and hemojuvelin were found, 

leading to decreased iron export from the cells [7]. As a further potential mechanism 

leading to iron overload, increased levels of TNFα are present in patients with 

NAFLD/NASH [7]. Of note, TNFα is an important regulator of iron metabolism during 

inflammation because it has stimulatory effects on the synthesis of ferritin [166, 181]. 

Some studies also showed a higher prevalence of a mutated HFE gene in patients with 

NAFLD/NASH [29, 62, 81, 122, 170] further pointing towards a role of iron in NASH 

pathogenesis. 

As mentioned above, our current understanding how exactly iron overload leads to hepatic 

damage and development of chronic liver disease is hampered by a lack of a suitable 

animal model. To improve that, I analyzed hepcidin knockout mice as a model system to 

study the hepatic toxicity of a chronic iron accumulation. In particular, I was focusing on 

following issues: 

- Do hepcidin knockout mice represent a faithful model of human iron overload 

associated liver disease? 
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- What is the influence of mouse sex on disease development? 

- Does HF-diet or diet induced obesity represent an important modifier of iron 

overload associated liver disease? 
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2. Materials and Methods 

2.1. Materials 

2.1.1 Kits 

Item Company 

DNeasy Blood and Tissue Kit Qiagen, Germany 

GoTaq Green Master Mix Promega, Germany 

Gene Ruler 50bp Fermentas, Germany 

RNeasy Mini Kit Qiagen, Valencia, USA 

Rnase-Free Dnase Set Qiagen, Germany 

Super Script II reverse transcriptase Invitrogen Carlsbad, USA 

SYBR Green qPCR Master Mix Applied Biosystems, USA 

Vectastain ABC Kit Vector Laboratories; Inc, Burlingame, 

USA 

Vector Nova Red Vector Laboratories, INC., USA 

Antigen Retrieval Solution Vector Laboratories, INC., USA 

Iron Hematoxylin Solution Merck, Germany 

Hematoxylin Solution Dako, Germany 

0,5% Eosin G Solution Merck, Germany 

Bio-Rad DC Protein Assay Bio-Rad Laboratories, Hercules, USA 

ECL Western Blotting Detection Reagent GE-Healthcare, München, Germany 
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2.1.2. Chemicals 

Item Company 

L-Ascorbic Acid Sigma, Germany 

Agarose Biozyme, Germany 

Acetic Acid VWR Prolabo, Germany 

Albumin bovine factor V (BSA) Serva, Germany 

Ammonium persulfate Sigma, Germany 

Acrylamide 30% Roth, Germany 

Bromphenol blue sodium salt Sigma, Germany 

Bathophenanthrolinedisulfonic acid disodium salt Sigma, Germany 

Bathophenanthrolinedisulfonic acid disodium salt 

hydrate 

Sigma, Germany 

ß-mercaptoethanol Sigma, Germany 

Coomassie Brilliant blue R 250 Sigma, Germany 

Chloramine-T trihydrate Sigma, Germany 

Citric acid monohydrate Calbiochem, Germany 

DL-Dithiothreitol (DTT) Sigma, Germany 

Direct Red 80 Sigma, Germany 

Deoxynucleoside triphosphate set (dNTPs) 5Prime, Germany 

Ehrlich´s Solution Sigma, Germany 

Ethanol Sigma, Germany 

Ethidium bromide Sigma, Germany 

Ethylene diamine tetraacetic acid Roth, Germany 
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Entellan Merck, Germany 

Glycerol Roth, Germany 

Hydrochloric acid (HCL) 35% VWR Prolabo, Germany 

Hydrogen peroxide (H2O2) solution 30% Fischer, Germany 

Milk Powder Roth, Germany 

3-Morpholinopropane-1-sulfonic acid Sigma, Germany 

Methanol Sigma, Germany 

Nonidet P40 (NP-40) Roche, Germany 

Nitrilotriacetic acid disodium salt Sigma, Germany 

Potassium hexacyanoferrate(II) trihydrate Sigma, Germany 

Potassium chloride VWR Prolabo, Germany 

Potassium Deoxycholate Sigma, Germany 

Phenylmethanesulfonylfluorid (PMSF) Sigma, Germany 

PBS Dulbecco Biochrom, Germany 

RNAlater Ambion, USA 

Sodium dodecyl sulphate (SDS) Roth, Germany 

Sucrose Sigma, Germany 

Tris(hydroxymethyl) aminomethane USB, Germany 

Tween 20 Roth, Germany 

Trans-4-hydroxy-L-proline standard Sigma, Germany 

Tetramethylethylenediamine Sigma, Germany 

Sodium thioglycolate (TGA) Sigma, Germany 
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Xylene VWR Prolabo, Germany 

 

2.1.3. Other 

Item Company 

Amicon Ultra Centrifuge tube Millipore, Germany 

HF-diet, D12492 Sniff, Germany 

HF+Fe-diet Sniff, Germany 

MicroAmp Fast Optical 96Well Reaction Plate Applied Biosystems, Germany 

MicroAmp Optical Adhesive Film Applied Biosystems, Germany 

Polyvinylidene Difluorid Membrane Millipore, Germany 

Primers for Genotyping Biomers.net GmbH, Germany 

Random Primers Invitrogen, Germany 

Standard mouse chow, V1534-0 Sniff, Germany 

SuperFrost Plus microscope slides Thermoscientific, Germany 

3% carbonyl iron-containing diet Sniff, Germany 

Ultracentrifuge tubes B2B/Beckmann Coulter, USA 

 

2.1.4. Laboratory equipment 

Item Company 

Block Thermostat Biostep GmbH, Jahnsdorf, Germany 

Centrifuge 5417C Eppendorf, Germany 

Centrifuge 5417R Eppendorf, Germany 

DNAEngine Piltier Thermal Cycler Bio-Rad Lab, USA 
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Deep freezer Haraerus, Kendro Lab products, Germany 

Gel electrophoresis equipment and accessories Bio-Rad Laboratories, USA 

Ice machine AF200 Scotsman, Germany 

Microscope light Leica Mikrosysteme Vertrieb GmbH with 

software “Leica application suite” Wetzlar, 

Germany 

MS3 Minishaker (Vortex) IKA, Staufen, Works Inc., Germany 

NanoDrop 1000 Thermo Scientific, Schwerte, Germany 

Power supply Bio-Rad Laboratories, USA 

pH-Meter DRI-Block Biostep GmbH, Jahnsdorf, Germany 

Pipets Eppendorf, Germany 

Pipet boy Hirschmann Lab equipment, Germany 

Photometer Ultrospec 1100 pro GE Healthcare, München, Germany 

Scale PM 4000 Mettler-Toledo GmbH, Giessen, Germany 

7500 Fast Real-Time PCR System, with Sequence 

detection Software, Version 1.4 

Applied Biosystems, Germany 

Sorvall Ultracentrifuge OTD 50B DuPONT, Germany 

Waterbath Laboratory technology, Germany 

 

2.1.5. Buffer-Solutions 

 TAE Buffer pH 8: 

Tris 40mM 

Acetic Acid 20mM 

EDTA 1mM 
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Homogenisation Buffer: 

SDS (Sodium dodecyl sulfate) 3% 

Tris pH 7,8 50mM 

Potassium chloride 150mM 

Nonidet P40 1% 

Potassium deoxycholate 0,5% 

PMSF 1mM 

Spermidine 25µg/ml 

 

0,1% Coomassie Brilliant Blue Buffer: 

Coomassie brilliant blue 1g 

Methanol 400ml 

Acetic acid 100ml 

Distillate water 500ml 

 

10x TBS (Tris-buffered saline), pH=7,6: 

Tris 24,2g 

NaCl 80g 

Distilled water Fill up to 1000ml 

 

1x TBS: 

10x TBS 100ml 

Distilled water 900ml 
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TBST: 

10x TBS 100ml 

Distilled water 900ml 

Tween 20 500ml 
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2.2. Methods 

2.2.1 Animal experiments 

For our experiment we used hepcidin knockout and wildtype mice on C57Bl/6N 

background, which were previously described by Lesbordes-Brion [107]. Animals were 

kept under standard conditions with unlimited access to food and water. As shown 

previously, hepcidin knockouts develop spontaneous iron overload. To further promote this 

as well as to assess interactions between iron accumulation and a diet rich in saturated fatty 

acids, four different animal diets were administered starting at 28 days of age. We first 

compared males and females, which were age matched and we started the diet at the age of 

28 days. 1) Standard-Food (standard chow) containing 179mg iron per 1kg (0,02%) 2) 

Iron-rich (Fe)-diet containing 3% carbonyl iron (Sniff) 3) High Fat (HF)-diet with 60% of 

calories derived from fat (Sniff) or 4) 3% carbonyl iron plus High Fat (Fe+HF-diet) (Sniff). 

Non-treated mice kept on Standard-Food served as controls. At the age of six month mice 

were sacrificed by CO2 Inhalation. The blood for measurement of serum parameters was 

obtained by intracardial puncture. The liver was removed and cut into pieces for 1) 

histological/immunbiochemical analysis (immediately fixed in 10% formalin) 2) protein 

analysis (snap frozen in liquid N2) 3) mRNA analysis (submerged into RNAlater 

stabilization reagent from Qiagen, Hilden, Germany). The animal experiments were 

conducted in compliance with the German Law for Welfare of Laboratory Animals and 

were approved by the Institutional Animal Care Committee. 

2.2.2. DNA Isolation 

To genotype the animals, DNA Isolation was performed from tail snips using DNeasy 

Blood & Tissue Kit (Qiagen) according to protocol. To digest the tissues small pieces of 

tails (< 0,5cm length) were first mixed with 180µl ATL-buffer and 20µl Proteinase K 

(everything provided in the kit) and subsequently incubated at 56°C overnight. 200µl of 

AL-buffer and 200µl of 100% ethanol were added to provide optimal binding conditions 

for the selective binding of DNA to the DNeasy membrane. The mixture was transferred to 

DNeasy Mini spin columns and centrifuged at 8000 rpm for 1 min to allow contaminants 

pass through the membrane while DNA was selectively bound. This was followed by two 

washing steps with the buffers AW1 and AW2 to remove contaminants. To do so, the 

DNeasy Mini spin column was transferred to a new 2ml collection tube, 500µl of AW1-
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buffer were added and the samples were again centrifuged at 8000 rpm for 1 min. For 

higher DNA purity this step was repeated. Then the DNeasy Mini spin column was placed 

in a new 2ml collection tube, 500µl AW2-buffer were added and centrifuged at 13000 rpm 

for 3 minutes. This step was repeated to reach pure DNA. To elute the DNA, the DNeasy 

Mini spin column was transferred to a new 1,5ml collection tube, 200µl AE-buffer were 

put directly on the center of the membrane and the sample was incubated 1 min at room 

temperature. To yield the DNA the samples were centrifuged at 8000 rpm for 1 min. 

2.2.3. Polymerase chain reaction (PCR) 

A PCR was performed to genotype the hepcidin KO and hepcidin WT mice. PCR is used 

to amplify the target DNA. Following previously described primers [107] were used (table 

1). 
 

Table 1: Primers for PCR and RT-PCR. The Primers musHepc1KO-Scr-F1, musHepc1KO-Scr-F2, 

musHepc1KO-Scr-R were used for the genotyping of the mice. Mus-L7, and mus collagen1a1 are Primers 

which were used in Realtime-PCR. L7 serve as an internal loading control. All Primers were diluted to a 

concentration of 10mM. 

 

To amplify the DNA GoTaqGreen Master Mix was used, which already contained Taq 

DNA Polymerase, dNTP´s and the appropriate reaction buffers. The following reaction 

mixture was prepared (amount per sample): 

GoTaqGreen Master Mix, 2x (Promega): 25µl 

Primer Hepc. F1 (10mM): 0,5µl 

Primer Hepc. F2 (10mM): 0,5µl 

Forward Reverse
musHepc1KO-Scr-F1 ggctgtagaggttctgctg
musHepc1KO-Scr-F2 gctgaagaacgagatcagc
musHepc1KO-Scr-R aacagataccacactgggaa

Forward Reverse
mus L7 gaaaggcaaggaggaagctcatct aatctcagtgcggtacatctgcct

mus collagen1a1 tgaagaactggactgtcccaacc gggtccctcgactcctacatctt

Sequence
Genotyping PCR

Primer

Real-Time qRT-PCR
Sequence

Primer
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Primer Hepc. R1 (10mM): 0,5µl 

Nuclease-free Water: 16,5µl 

2,5µl of DNA and the reaction mixture were placed in PCR tubes and put into the PCR 

Machine. To dissociate the primer composits, the initial denaturation of the DNA was 

performed at 94°C for 4 minutes. Then 40 cycles followed, which consisted of: 

a) Denaturation step: 94°C for 30 seconds  

b) Annealing step: 54°C for 30 seconds (optimal temperature for primers to bind to 

single strand DNA) 

c) Extension step: 72°C for 30 seconds (optimal working temperature for Taq DNA 

Polymerase). The extention time depends on DNA length. 

The Final Elongation was performed after the last PCR cycle at a temperature of 72°C for 

10 minutes to ensure that all DNA strands are fully synthesized. To the end the samples 

were cooled down and stored at 4°C. 

2.2.4. Agarose Gel Electrophoresis 

Electrophoresis was used to determine the size of the DNA product, which was produced 

by Polymerase chain reaction. The principle of agarose gel electrophoresis is the separation 

of DNA according to their size. In an electric field, the negatively charged DNA molecules 

move through the agarose gel. Shorter fragments can move faster because they migrate 

more easily through the pores. To enable the loading of the samples, 9µl of the DNA, 

which was prepared by PCR amplification were premixed with 1µl of 6x Loading Dye 

(Fermentas). This Loading Dye contains two different dyes to ensure the visual tracking of 

the DNA migration through the gel pores. It also contains glycerol, so that the mixture is 

heavy enough to form a layer at the bottom of the well. An 1,5% agarose gel was prepared, 

containing 0,0005% ethidium bromide. Ethidium bromide is an intercalating agent, which 

emits an orange colour when exposed to UV light. After the gel was placed into the 

electrophoresis chamber, which was filled with TAE-Buffer, 10µl of the samples were 

loaded into the wells. The first and the last well were filled with 5µl of Gene Ruler 50bp 

(Fermentas) in order to identify the size of DNA fragments. After loading, the 

electrophoresis was run at 130V for 40 minutes. The PCR amplification yielded a band 

with 260bp for knockouts and a band with 586bp for wildtypes. Heterozygous mice 

displayed both bands. (Figure 3) 
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Figure 3: Genotyping of the mice. This figure shows the result of a mouse screening. The marker on the left 

and on the right side is a 50bp Gene Ruler. Amplification of the WT sequence yielded a band of 586bp, while 

the KO sequence had a size of 260bp. Consequently, heterozygous mice displayed both bands. Gene ruler 

was used as a size standard marker. In this gel there are 10 hepcidin KO mice, 9 WT mice and 4 

heterozygous mice. The second last well depicts the negative control (containing just the Master-Mix), which 

shows, that there was no DNA contamination in the Master-Mix. KO - knockout; WT – wildtype. 

2.2.5. SDS-Page and Western Blot 

To perform Western blotting, liver tissue was first homogenized and denatured in 3% 

sodium dodecyl sulfate (SDS) containing sample buffer. After that, the non-solubilized 

debris was removed by centrifugation. Tissue samples were mixed with 4x Loading buffer 

in a ratio 1:2. This buffer contains Coomassie Dye, which allows visualization of the 

samples while migrating on the gel. In addition it contains glycerol, that increases the 

density of the samples so that they form layers at the bottom of the wells. After 

denaturation of the proteins by heating to 95 degree Celsius for five minutes, the protein 

concentration was determined via Bio-Rad DC protein assay (Bio-Rad Laboratories) and 

equal loading was confirmed by Coomassie staining. Coomassie Brilliant Blue G-250 

binds to basic and aromatic amino acids and makes them visible. Equal amounts of 

proteins were loaded on a 10% SDS polyacrylamide gel. The gel consisted of two parts 

(stacking and resolving gel; for composition see table 2). 

Table 2: Preparation of 10% resolving gel and stacking gel for Western Blot. Note that APS and Temed 

must be added at last since they start the polymerization process. H2O - water, SDS - sodium dodecyl sulfate, 

APS - Ammonium persulfate. 

 

H2O [ml] 2,05 H2O [ml] 1,5
Resolving gel buffer [ml] 1,3 Stacking gel buffer [ml] 0,65

30% Acrylamide [ml] 1,65 30% Acrylamide [ml] 375
10% SDS [µl] 50 10% SDS [µl] 25
10% APS [µl] 25 10% APS [µl] 12,5
TEMED [µl] 7,5 TEMED [µl] 2,5

10% Resolving gel Stacking gel
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APS and Temed were added at the end since they initiate the polymerization progress. The 

lower gel (resolving gel) was poured between the two glass plates and on top of it a few 

drops of isopropanol were added to prevent the gel from drying out and to keep the surface 

smooth. After approximately 30 minutes, the resolving gel was polymerized and 

isopropanol was removed. The stacking gel was poured on top of the resolving gel and a 

comb was inserted to produce the wells for sample loading. SDS-PAGE is used to separate 

the proteins based on their size. To do so, SDS binds to denatured proteins and leads to a 

uniform negative charge, therefore the separation of the proteins happens based on their 

molecular weight and not on their charge. According to the amount of proteins in our 

samples, the loaded amounts varied between 1 - 20µl. The electrophoresis was performed 

at 70V for 30 minutes for the stacking gel, which has large pores and concentrates all 

proteins in a thin zone. Then the voltage was increased to 110V for another hour to enable 

the migration through the resolving gel with the smaller pores, which leads to separation of 

the proteins due to their size. After the separation via SDS-PAGE, the electric field (80 

min at constant 0,2A) was applied to transfer the negatively charged proteins to a PVDF 

Membrane (Millipore, pore size: 0,45µm), which was previously activated in 100% 

methanol for one minute. To control the transfer efficiency the membrane was stained with 

Ponceau Red to visualize the proteins. After washing with TBST to completely remove 

Ponceau Red, the membranes were put into 5% Milk Powder (Roth) / TBST solution for 

one hour to block the unspecific protein bindings. To detect the proteins of interest, the 

incubation with the primary antibody (diluted in blocking buffer) was conducted overnight 

at 4°C. On the next day the membranes were washed three times 10 minutes with TBST to 

remove not-bound antibody. Membranes were then incubated with the appropriate 

secondary antibody (diluted in blocking buffer) for 1 hour at room temperature. During this 

step, the secondary antibody binds to the concerned part (FC) of the primary antibody. The 

secondary antibody is conjugated with Horseradish Peroxidase (HRP), an enzyme which 

catalyzes the formation of hydrogen peroxide from an appropriate substrate. After washing 

two times with TBST and one time with TBS, ten minutes each, the membranes were 

incubated with enhanced chemoluminescence (ECL) reagent (GE Healthcare / Amersham 

Biosciences). This reagent contains the substrate for HRP and leads to the formation of 

hydrogen peroxide, which causes the oxidation of luminol (also included in ECL) to a 

reagent, which emits light by decay. Since the reaction is catalysed by HRP, which is 

bound to the protein of interest, the amount and location of the light directly correlates with 

the amount and location of the proteins. We used D237, an antibody which recognizes the 
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caspase-cleaved K18 fragment and therefore represents an apoptosis marker. Another 

applied antibody was Hsp60, a mitochondrial chaperonin that is not affected by hepcidin 

and therefore was used as a loading control. 

2.2.6. Tissue staining  

For tissue staining, the liver samples were immediately fixed with 10% formalin for 24 

hours and then embedded in paraffin. The tissue was cut into 3µm thin sections and placed 

on microscope slides. After that it was either stained with hematoxylin and eosin (H&E), 

Perls’ Prussian Blue or Sirius Red for histological examination or remained unstained for 

immunohistochemical detection. 

H&E staining: Liver tissue samples were deparaffinized in 100% xylene during 10 min and 

then hydrated with different alcohol concentrations (ethanol: 100%, 90%, 80%, 70% each 

2 minutes) with final hydration in deionized water. To stain nuclei, the slides were placed 

into hematoxylin solution (Dako) for 5 minutes at room temperature. Thereafter they were 

washed 2 times with tap water to and subsequently placed into Eosin G solution (Merck) 

for 5 minutes at room temperature for cytoplasmic staining. Slides were washed again with 

deionized water and dehydrated in serial dilution of alcohol (70%, 80%, 90%, 100%) and 

finally in 100% xylene. At the end, slides were covered with glass coverslip using Entellan 

medium (Merck). After several hours the slides were evaluated with a Leica microscope 

for an overall histological assessment. 

Prussian Blue Staining: Tissue samples were first deparaffinized with 100% xylene, two 

times for 5 min. Afterwards they were hydrated with descending alcohol concentrations 

(100%, 96%, 90% and 80%, each for 2 min and then 70% and 50%, each for 1 minute) and 

with deionized water for 5 minutes. For the staining two solutions were used: The first one 

containing 2g potassium hexacyanoferrate (II) in 100ml deionized water, the second one 

containing 2,7ml of 37% HCl in 97,3ml deionized water (the acidic medium was used to 

create appropriative conditions for better formation of iron complex). Both solutions were 

prepared freshly, mixed and placed into waterbath with a temperature of 37°C for an 

optimal reaction. The slides were incubated in this solution for 30 minutes at 37°C. 

Afterwards the slides were washed with deionized water to reduce the background. They 

were put into Eosin G for 5 min at room temperature to visualize the basic parts of the 

cells, especially the cytoplasm. At the end, slides were washed in deionized water and 

dehydrated in ascending dilution of alcohol and xylene. Finally they were covered with 
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glass covership (see section on H&E staining for details). These slides were analyzed with 

Leica light microscope to detect the distribution of iron in the liver tissue. 

Sirius Red Staining: To visualize the collagen within the liver tissue Sirius Red staining 

was performed. Liver tissue was deparaffinized with xylene, two times for 10 min and 

hydrated with a graded alcohol series (100%, 90% and 70%, each for 5 minutes) and 

finally hydrated with deionized water. After that, the slides were placed in iron 

hematoxylin solution (Merck) for 8 min at room temperature to stain the nuclei and washed 

with tap water for 10 minutes to reduce the background. For the staining of fibrotic matrix 

the slides were incubated in Picro Sirius Red Solution, containing 500ml of 1,2% picric 

acid and 0,5g of Direct Red for 60 min at room temperature. Thereafter, they were washed 

with water and the water was removed physically by shaking. At the end, slides were 

dehydrated first with 100% ethanol for three times three minutes and then with xylene. The 

samples were covered with glass, using Entellan medium. 

2.2.7. Hepatic Iron Content 

The liver tissues were analyzed for nonheme iron as described previously by Gale et al. 

[76]. Liver was weighted and placed into glass tubes, then incinerated at 120°C for 24h. It 

was hydrolyzed in 1ml of citric acid (100mM, pH=2,0) for four hours at 60 degree Celsius 

in order to liberate the iron. 500µl of this sample were well mixed with 500µl of 100mM 

citric acid. Afterwards 50µl of L-ascorbic acid (Sigma) and 100µl of 5mM 

bathophenanthrolinedisulfonic acid disodium salt (Sigma) were added. L-ascorbic acid 

reduces Fe(III) to Fe(II) and thereafter Fe(II) reacts with bathophenanthrolinedisulfonic 

acid disodium salt, thereby leading to the formation of a red complex which can be 

quantified photometrically. To do that, the final mixture was incubated at room 

temperature in the dark for 45 minutes. The absorbance was measured via 

spectrophotometer at the wavelength of 535nm. The iron content was determined by 

comparison with a serial dilution of an iron standard. The data were analysed with 

nonparametric tests and shown as mean ±SEM.  

2.2.8. RNA Isolation 

Total RNA Isolation was performed with the RNeasy mini kit (Qiagen, Valencia, CA). To 

prevent degradation, the tissue was submerged in RNAlater stabilization reagent (Ambion) 

immediately after cutting. According to protocol approximately 20mg of liver tissue were 
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homogenized in RNA lysis buffer containing 600µl of RLT-buffer (component of the kit) 

and 6µl of ß-mercaptoethanol (Sigma). Afterwards it was placed in QIAshredder columns 

(Qiagen) and centrifuged at 14000 rpm for three minutes at room temperature to remove 

cell debris. The RNA-containing flow-through was mixed with 600µl of 70% Ethanol to 

provide ideal binding conditions for the RNA, transferred to RNaesy spin columns and 

centrifuged for 15 sec. at 10000 rpm. At this step RNA binds to the RNeasy silica 

membrane. For purification of RNA 700µl of buffer RW1 (provided in kit) were added and 

the columns were centrifuged at 10000 rpm for 15 sec. The flow-though was discarded and 

a mixture of RDD / DNase (RNase - Free DNase Set) in ratio 70µl : 10µl was added 

directly to the membrane to digest the genomic DNA. After 15 minutes the columns were 

washed with 350µl of RW1-buffer and centrifuged at 10000 rpm for 15 sec. For further 

purification, 500µl of buffer RPE (provided in kit) were added and the columns were 

centrifuged at 10000 rpm for 15 sec. Another 500µl of buffer RPE were added and the tube 

was centrifuged at 14000 rpm for 1 minute. To elute the RNA, RNeasy column was 

transferred to a new 1,5ml collection tube and 30µl of RNase free water (provided in kit) 

were directly put on the membrane and incubated at room temperature for one minute. 

Columns were centrifuged at 10000 rpm for 1 min and total RNA was collected for later 

procedures. To increase the yield of total RNA, this step was performed twice. Isolated 

RNA has been checked with NanoDrop for purity and concentration and equal amounts of 

RNA were used to produce cDNA. 

2.2.9. Synthesis of cDNA 

For cDNA Transcription 2µg of RNA were used. DEPC Water was added up to the 

volume of 11µl. Each sample was supplemented with 1µl of random hexamer primers and 

1µl of dNTPs 25mM. After this, the samples were heated to 65°C for 5 minutes for 

annealing of the primer. Then a master mix was added, containing 4µl of First-Strand 

buffer(5x), 2µl of DTT (0,1M) and 1µl of Super-Script II reverse transcriptase. After an 

incubation time of 5 minutes the samples were put back in the PCR machine and reverse 

transcription was performed at a temperature of 42°C for 50 min. Subsequently the reverse 

transcriptase was inactivated by heating to 70°C for 15 minutes. At the end, cDNA was 

cooled down to 4°C and stored by -20°C. 
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2.2.10. Quantitative Realtime PCR 

To quantify the expression of the mRNA of the genes of interest a Realtime PCR was 

performed. The reaction mix contained 12,5µl of SYBR Green Mastermix (Quiagen), 1µl 

of 10mM forward and reverse Primers (shown in table 1), 9µl of deionized water and 2,5µl 

of cDNA. All reactions were performed in duplicates on MicroAmp Fast Optical 96well 

Reaction Plates (Applied Biosystems) with at least four mice per group and genotype. The 

plate was sealed with MicroAmp Optical Adhesive Film (Applied Biosystems) to prevent 

evaporation of the reaction components and then centrifuged at 2000g for 3 minutes at 

room temperature to collect the reaction components. Amplification of the product was 

performed using the Sequence Detection System Applied Biosystems 7500 fast Real Time 

PCR system at following conditions: 

Initial denaturation step:  95°C for 10 seconds 

95 °C for 10 minutes 

Annealing and extension step: 950C for 15 seconds and 600C for 1 minute (both 

steps were repeated 45 times)  

L7 (table 1) ribosomal protein was used for normalisation of cDNA levels. Data were 

analysed using Excel and Statistic programs and presented as means ± SEM. 

2.2.11. Serum Parameters 

Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

alkaline phosphatase (AP), serum ferritin and serum iron were analyzed in the local 

department of clinical chemistry at the university medical center Ulm. All data are shown 

as means ± SEM 

2.2.12. Statistical Analysis 

All groups of mice consisted of at least five individuals to guarantee a sufficient statistical 

power of the experiment. For multigroup comparisons we used nonparametric assays such 

as Newman-Keuls-Test and Least significant difference (LSD) test. Results were expressed 

as mean ± standard error of the mean (SEM). Differences were considered statistically 

significant when the corresponding two tailed p values were smaller than 0.05.  
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3. Results 

3.1. Hepcidin knockout mice as a model of iron overload associated liver disease 

3.1.1. Feeding of hepcidin KOs with Fe-diet results in weight loss and liver 

hypertrophy 

In the first part of my thesis, I analyzed the impact of Fe-diet on development of liver 

disease in hepcidin WT and KO animals. Given that iron metabolism substantially differs 

between sexes, male and female mice were analyzed separately. In WTs, regardless of their 

sex, no obvious phenotype was observed upon feeding with Fe-diet for six month and 

accordingly, the body weight, which constitutes a useful parameter of general animal 

health, did not differ significantly between animals kept on control and Fe-diet (table 3). 

On the other hand, slightly decreased physical activity was observed in hepcidin KOs kept 

on Fe-diet for six month and in agreement with that, these animals displayed significantly 

lower body weight compared with sex-matched control groups (table 3). 

Table 3: Body and liver to body weight ratio of hepcidin WT and KO animals fed normal or Fe-diet 

for six month. The body weight was measured as a parameter of general health while liver to body weight 

ratio was analyzed to detect the treatment associated changes in liver size. Note that hepcidin KO, but not –

WT mice on Fe-diet displayed significantly lower bodyweights compared with their sex-matched controls. 

On the other hand, feeding with Fe-diet significantly increased the liver to body weight ratio with highest 

values being observed in hepcidin KOs kept on Fe-diet. Fe – iron; KO - knockout; WT – wildtype. 

a,k p<0,05, 

b,c,d,e,f,g,h,i,j p<0,01 

 

Body weight [g] Liver-/Body weight [%]
WT control 28,3±2 4,1d,e

KO control 28,6±3a 4,9d,f,g

WT iron 26,9±0 5,5e,h

KO iron 23,9±1a 7,1f,h

WT control 21,9±2 4,4i,j

KO control 22,6±1c 5,8g,i,k

WT iron 22,3±1b 6,5j

KO iron 18,3±3b,c 7k

Males

Females
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Of note, the percentage of weight loss was similar in both sexes. Furthermore, the feeding 

with Fe-diet induced a slight increase in liver size as determined by liver to body weight 

ratio (table 3). While the increase in liver to body weight ratio after Fe-diet was seen in 

both hepcidin WT and KO animals, the KO mice on Fe-diet displayed the largest values. 

3.1.2. Feeding with Fe-diet for six month leads to moderate liver inflammation which 

is more pronounced in hepcidin KOs 

 

Figure 4: Six month of Fe-diet induces moderate inflammation in hepcidin KO mice. Hepcidin WT mice 

on control diet showed a largely normal liver structure, regardless of sex, while KO mice on control diet 

displayed beginning liver damage with signs of hepatocyte ballooning. Animals on Fe-diet exhibited a more 
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pronounced liver damage, especially in hepcidin KO animals, where apoptosis and inflammation can be seen. 

Compared with the corresponding females, males displayed more severe liver damage (note picture D and 

H). Note that liver damage is most pronounced in the pericentral area of acinus around the central vein. Fe - 

iron; KO – knockout; WT – wildtype. 

As already mentioned, liver size was increased in hepcidin KO mice, especially in those on 

Fe-diet. Therefore we wanted to know whether this treatment also affects liver morphology 

and because of that a histological staining with H&E was performed. A largely normal 

liver structure was seen in hepcidin WT mice, regardless of sex, while KO mice displayed 

beginning signs of liver damage as for example ballooning of hepatocytes, which was 

observed in both sexes (figure 4). Note that hepcidin KO and WT mice on Fe-diet showed 

scattered foci of inflammation in comparison to the corresponding mice on control diet and 

the inflammation was more obvious in hepcidin KO mice kept on Fe-diet (figure 4). 

Compared with male liver tissues, female tissues looked slightly better and contained less 

inflammation (figure 4). 

3.1.3. Six month old hepcidin KOs display a marked iron accumulation 

To visualize the iron accumulation in the experimental animals a histological staining with 

Prussian Blue was performed. There is almost no iron stored in the liver of hepcidin WT 

mice kept on normal diet, while KO mice show slight iron overload evenly distributed 

throughout the liver lobs indeed on normal diet (figure 5). On Fe-diet the storage of iron is 

increased in all groups; note that hepcidin KOs accumulated iron all over the liver, while 

WTs displayed iron deposition just in the periportal area (figure 5). Hepcidin KO mice on 

Fe-diet showed a severe iron overload in both sexes, but there was a difference: Males 

stored iron nearly everywhere, while females displayed bigger iron complexes, which were 

more often seen in the periportal area (figure 5). 
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Figure 5: Prussian Blue staining detects a stronger and ubiquitous iron accumulation in six month old 

hepcidin KO livers. Hepcidin WT mice on normal diet showed almost no iron deposition, which is normal 

for a healthy liver (A and E), while KO mice displayed higher amount of iron even on normal diet (C and G). 

After feeding with Fe-diet, all groups stored more iron, but hepcidin KOs presented the most (D and H). In 

comparison to females, males came up with more severe iron overload while females contained less amounts 

of iron, but bigger iron complexes (D and H). Fe - iron; KO - knockout; WT – wildtype. 

As this histological staining allows only a qualitative insight into the iron storage in the 

liver, a quantitative measurement of the hepatic iron content was performed. As expected 

hepcidin KO mice displayed significant higher levels of iron within the liver than WT mice 

on the same treatment regimen (table 4). After feeding with Fe-diet, the hepatic iron 
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content increased significantly in hepcidin WTs and KOs, regardless of their sex, but KO 

mice still presented significantly higher iron levels (table 4). Surprisingly there was no 

significant difference between males and females, even though males seemed to have 

slightly higher levels of liver iron (table 4). 

Table 4: Profound iron accumulation in the liver of hepcidin KOs on Fe-diet. Hepatic iron content was 

measured in hepcidin WT and KO animals kept on normal and Fe-diet. Hepcidin KO mice presented 

significantly higher levels of iron in the liver than the corresponding WT mice, regardless of sex. Feeding 

with Fe-diet increased the iron content in the liver significantly in hepcidin WTs and KOs. There was just a 

slight difference between the hepatic iron content in males and females, which was not statistically 

significant. Fe – iron; KO - knockout; WT – wildtype. 

a,b,c,d,e,f p<0,01 

g,h p≈0,001 

 

 

3.1.4. Iron accumulation in 6 month old hepcidin KOs does not lead to liver fibrosis 

development 

In patients with hemochromatosis, iron overload in the liver can lead to development of 

liver fibrosis and at the end to cirrhosis. Based on this knowledge the question arose, 

whether hepcidin KO mice, which exhibit iron overload also develop liver fibrosis or even 

cirrhosis. To analyze that, a Sirius Red staining was performed, which visualizes collagen 

within liver tissue. Surprisingly there was no fibrosis evident in any of the groups, 

regardless of sex and treatment regimen (figure 6). The only collagen, which could be 

detected was the one physiologically present in the wall of large blood vessels. Therefore 

the observed iron accumulation did not cause any fibrosis or cirrhosis in 6 month old 

hepcidin KO and WT mice on control- or Fe-diet, regardless of sex. 

WT KO WT KO
Males 3,5±1a,b 21,9±5a,c 30,3±8b,d 51,8±7c,d

Females 4,1±1e,f 19,7±3e,g 22,3±3f,h 44,7±10g,h

Iron-dietLiver iron content [μmol/g] Control diet
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Figure 6: Six month old hepcidin KOs do not display any significant liver fibrosis. In Sirius Red 

staining, there was no fibrosis evident in hepcidin KO or WT mice, regardless of sex and treatment with 

control- or Fe-diet. No collagen was detected except of the physiological presences in the wall of large blood 

vessels. Fe - iron; KO - knockout, WT - wildtype. 

 

3.1.5. Moderate liver injury, but no liver fibrosis in hepcidin KO mice kept on Fe-diet 

The results obtained up to now, document that hepcidin KO mice fed Fe-diet, regardless of 

sex, displayed a significantly worse physical condition, which was evident in their lower 

bodyweight. On the other hand, liver weight was increased and in histological stainings 
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foci of inflammation were observed, which were more common in males compared to 

females. The iron content within the liver tissue was significantly elevated; however there 

were no significant differences in the overall iron content between males and females: In 

males, iron was distributed throughout the liver lobs, while females presented slightly 

lower amounts of iron, but in exchange bigger iron complexes, which were more often 

found in the periportal area. Neither in males nor in females fibrosis was evident after six 

month treatment with Fe-diet. 

3.2. Male hepcidin knockout mice as a model of iron overload associated liver disease 

In the second part of my thesis I only focused on the males, as their iron overload was 

worse compared to females and more inflammation was observed. Therefore all following 

experiments were only performed with male mice. 

3.2.1. Hepcidin KO mice fed Fe-diet exhibit elevated transaminase levels 

To quantify the extent of liver damage in 6 months old mice, the parameters ALT, AST 

and AP were analyzed. In hepcidin WT mice no significant differences could be observed 

upon feeding with iron-rich versus control diet (table 5). Hepcidin KOs kept on Fe-diet had 

increased transaminases in comparison to KOs on control diet, suggesting that the elevated 

iron uptake causes a liver injury. Furthermore hepcidin KO mice on Fe-diet displayed 

significantly higher ALT and AP levels than WT mice on the same diet (table 5). 

Table 5: Elevated liver injury markers in 6 month old male hepcidin KO mice fed with Fe-diet: Liver 

enzymes were analyzed as a parameter for liver damage. Significant increases in ALT and AP were observed 

in hepcidin KOs on Fe-diet compared to hepcidin WTs on the same diet. Moreover hepcidin KO, but not WT 

mice on Fe-diet displayed significantly elevated liver enzymes compared with same animals on normal diet. 

ALT - alanine aminotransferase; AST - aspartate transaminase; AP - alkaline phosphatase; Fe - iron; KO - 

knockout; WT – wildtype. 

a,b,c,d p<0,05 

 

WT KO WT KO
ALT [U/l] 18±16 24±13b 8±5a 85±12a,b

AST [U/l] 98±37 135±99 142±77e 262±35e

AP [U/l] 86±10 83±6f 150±46 139±12f

Number of mice 5 5 6 5

control diet iron diet
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3.2.2. Hepcidin KOs fed Fe-diet display highly elevated ferritin levels 

Another parameter which gives information about the extent of iron overload is serum 

ferritin, a protein responsible for binding of iron. As expected from Prussian Blue staining 

(figure 5) and from measurement of iron content (table 4) hepcidin KOs displayed 

significantly higher levels of serum ferritin compared to hepcidin WTs on the same diet 

(figure 7). Furthermore mice kept on Fe-diet displayed a significant increase in ferritin 

compared with the corresponding mice fed control diet with largest values observed in 

hepcidin KO mice kept on Fe-diet (figure 7). However, one potential causal when 

measuring ferritin levels, is the fact that ferritin is not only an iron storing protein, but also 

an acute-phase protein and therefore is also elevated during stress and inflammatory 

reactions. 

 
Figure 7: Serum ferritin levels increase in male hepcidin KO mice kept on Fe-diet. Serum ferritin was 

measured as a parameter of systemic iron overload. Hepcidin KOs displayed significantly higher ferritin 

levels compared to hepcidin WTs on the same treatment regimen. On the other hand significantly higher 

ferritin levels were observed in hepcidin KO mice on Fe-diet compared to hepcidin KO mice on control diet. 

Note that ferritin is also an acute-phase reactant and therefore is also elevated during stress and inflammatory 

reactions. Fe - iron; KO - knockout; M – male; WT – wildtype. 

*p<0,05 

**p<0,01 
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3.2.3. Hepcidin KO males kept on Fe-diet exhibit increased apoptosis levels 

To determine the extent of apoptosis in hepcidin WT and KO mice, a Western Blot with 

the antibody D237 was performed, which recognizes the caspase-cleaved keratin 18 

fragment. Hsp 60 was used as a loading control (figure 8). In hepcidin WTs kept on control 

diet, no apoptosis signal was detected, while WT mice on Fe-diet showed small amounts of 

apoptosis (figure 8). Hepcidin KO mice displayed significantly more apoptosis compared 

to WT mice on the same treatment regimen with highest levels of apoptosis observed in 

hepcidin KO fed Fe-diet. 

 

Figure 8: Hepcidin KO males display elevated liver apoptosis levels. Using D237 antibody, which 

recognizes the caspase-cleaved K18 fragment, no apoptosis was observed in hepcidin WTs fed normal diet, 

while hepcidin WTs on Fe-diet presented small amounts of apoptosis. On the other hand, hepcidin KOs 

displayed significantly more apoptosis compared to WTs on the same treatment regimen with highest levels 

observed in hepcidin KOs on Fe-diet. Note the equal amounts of Hsp 60 in hepcidin WT and KO mice, 

which was used to confirm equal loading. Fe - iron; Hsp 60 - heat shock protein 60; K18 - keratin 18; KO - 

knockout; M – male; WT – wildtype. 

3.2.4. Hepcidin KO mice kept on Fe-diet exhibit stellate cell activation 

To study whether treatment of hepcidin KO males for 6 months is sufficient for stellate cell 

activation, collagen mRNA level was quantified by Realtime PCR. In hepcidin KO mice 

on Fe-diet a significant increase of collagen RNA was observed compared to WT mice on 

the same diet (figure 9). Therefore we conclude, that feeding hepcidin KOs with Fe-diet for 

6 month is sufficient to induce activation of hepatic stellate cells. Note that no significant 

increase in collagen mRNA was evident in hepcidin WT mice or in hepcidin KOs on 
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control diet suggesting that no hepatic stellate cell activation occurred in these animals 

(figure 9). 

 

Figure 9: Increased hepatic collagen mRNA level in hepcidin KO males fed Fe diet. Realtime PCR was 

used to determine relative collagen mRNA levels in hepcidin WT and KO mice kept on normal or Fe-diet. 

There was a significant increase in collagen mRNA in hepcidin KOs fed Fe-diet compared to WTs on the 

same treatment regimen. Furthermore higher collagen mRNA levels were observed in hepcidin KOs on 

control diet mice compared to WT mice on the same diet, but this increase was not statistically significant. Fe 

- iron; KO – knockout; M – male; mRNA - messenger ribonucleic acid; PCR - polymerase chain reaction; 

WT – wildtype. 

*p<0,05 

3.2.5. Hepcidin KO males fed Fe-diet develop chronic liver injury and stellate cell 

activation 

In summary our data indicate, that male hepcidin KO mice fed Fe-diet developed 

significant liver tissue damage, demonstrated by elevation of the liver enzymes ALT; AST 

and AP compared to hepcidin KOs on control diet and compared to hepcidin WTs. This 

tissue damage consists of moderate inflammation and higher amounts of apoptosis, as it 

was proven by a Western Blot with the antibody D 237. A more detailed insight into the 

extent of iron accumulation was given via quantification of serum ferritin, an iron-binding 
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storage protein, which correlates with the systemic iron overload, but as an acute phase 

protein is also elevated during inflammation and stress reactions. While no fibrosis was 

detectable, hepcidin KOs kept on Fe-diet displayed stellate cell activation as demonstrated 

by increased collagen mRNA levels. 

 

3.3. The impact of HF-diet on iron-induced liver injury in hepcidin KO mice 

3.3.1. HF-diet increases body weight but does not affect liver to body weight ratio 

In the third part of my thesis I studied whether diet-induced obesity can modify the extent 

of iron-induced liver injury. Therefore I analyzed the impact of Fe-diet, HF-diet and 

combined Fe+HF-diet on development of liver disease in 6 month old hepcidin WT and 

KO males. The group fed with HF-diet alone was used as a control group for the Fe+HF-

diet to find out whether liver damage is potentiated by simultaneous presence of both 

conditions. In hepcidin WT animals no obvious changes in body weight were observed 

between Fe-diet and control diet fed animals (for more details see chapter 3.1.1). But as 

expected, mice fed with HF-diet gained significant more bodyweight than mice on Fe-diet 

(table 6). On the other hand highly significant differences were observed in hepcidin WTs 

and KOs fed Fe+HF-diet as hepcidin KOs displayed markedly lower bodyweight (table 6). 

Highest body weight was observed in hepcidin WT mice on HF-diet, lowest in KO mice on 

Fe-diet. Furthermore the iron-induced increase in liver size, as determined by liver to body 

weight ratio, was also significantly higher in hepcidin KO mice fed with Fe+HF-diet 

compared to those just fed with HF-diet (table 6). Overall, addition of HF-diet did not 

significantly affect liver to body weight ratio but invariably increased body weight of the 

animals. 
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Table 6: High fat (HF) diet increases body weight but does not affect liver to body weight ratio. Body 

weight is shown as a parameter of general health while liver to body weight ratio was calculated to estimate 

the impact of different treatment regimen on liver size. Hepcidin KO mice displayed lower body weights 

compared with their nontransgenic controls. Mice with additional high fat in their food were able to gain 

significantly more body weight than mice treated with normal diet. Largest body weight was observed in 

mice on HF-diet. On the other hand feeding with Fe-diet significantly increased the liver to body weight ratio 

with highest values observed in hepcidin KOs on Fe-diet, but as the same time decreased to total body 

weight. Fe - iron; HF – high fat; KO – knockout; WT – wildtype. 

a,j p<0,05 

c,d,f,g,h,i,k p<0,01 

b,e p<0,001 

 

 

 

3.3.2. Iron overload does not potentiate steatotic liver injury 

To analyze the degree of liver tissue damage, a measurement of the liver transaminases 

ALT, AST and AP was performed. As shown before, liver enzymes were significantly 

elevated in hepcidin KO mice on Fe-diet compared with the control mice on normal diet 

(see chapter 3.2.1). Feeding with HF-diet resulted in an increase in ALT and AST levels, 

however no obvious differences were observed between the genotypes (table 7). This 

suggests that the most part of the liver damage in mice on Fe+HF-diet comes from the 

Body weight [g] Liver-/Body weight [%]
WT control 28,3±2 4,1f,g

KO control 28,6±3a 4,9f,h

WT iron 26,9±0b 5,5g,i

KO iron 23,9±1a,c 7,1h,i

WT HF 42,8±3 4,6
KO HF 42,9±7d 5,2j

WT HF+iron 38,7±4b,e 5,4k

KO HF+iron 28,8±4c,d,e 6,8j,k
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steatosis hepatis, while iron overload and therefore also hepcidin only plays a minor role. 

As expected, hepcidin WT and KO mice on HF diet displayed similar ALT and AST levels 

as they had no additional iron in their food and therefore hepcidin did not play a major role 

in this group as well. Surprisingly largest values of liver enzymes were observed in mice 

on HF-diet, which suggests that iron overload did not potentiate steatotic liver injury in our 

model. Different from ALT, AP reached its maximum in the mice kept on Fe-diet and 

consequently, diet-induced obesity seemed to decrease the extent of cholestatic liver 

injury. In summary, no exacerbation of liver injury was noted in animals fed with a 

combination of high fat and Fe-diets. 

Table 7: High fat does not exacerbate iron overload-induced liver injury. Analysis of liver enzymes was 

performed as a marker of liver damage. Hepcidin KO mice on Fe-diet had significantly elevated liver 

enzymes (ALT, AP) compared with KO mice fed control diet. Hepcidin WT and KO mice on HF+iron diet 

showed significantly higher ALT levels compared to the corresponding mice on Fe-diet. Surprisingly there 

were no significant differences in the transaminase level between hepcidin KO and WT mice treated with 

HF+iron and no increase in ALT, AST or AP levels was seen after a combined treatment with high fat and 

Fe-diet. ALT - alanine aminotransferase; AST - aspartate transaminase; AP - alkaline phosphatase; Fe - iron; 

HF – high fat; KO - knockout; WT - wildtype. 

a,b,c,d,e,f,g,hp<0,05 

 

 

3.3.3. A combination of high fat and Fe-diet results in the strongest liver injury as 

determined by histological staining 

To further study the degree of liver tissue damage, a histological staining with H&E was 

performed. As mentioned before, hepcidin WTs on control diet displayed a largely normal 

liver morphology (see chapter 3.1.2). On the other hand, hepcidin KO mice on Fe-diet 

exhibited moderate liver damage with inflammation and apoptosis, while hepcidin WT 

mice on Fe-diet only showed minimal inflammation. Liver damage seemed worst in 

hepcidin KO mice on Fe+HF-diet, which additionally displayed high amounts of 

WT KO WT KO WT KO WT KO
ALT [U/l] 18±16 24±13b 8±5a,c 85±12a,b,d 480±392 277±297 299±155c 221±91d

AST [U/l] 98±37 135±99 142±77e 262±35e 373±302 296±234 306±144 293±96
AP [U/l] 86±10 83±6f 150±46g 139±12f,h 61±16 52±13 53±9g 51±6h

Number of mice 5 5 6 5 6 6 6 4

control diet iron diet HF diet HF+iron diet



 
48 

 

hemosiderin and more inflammation within the liver (figure 10). Mice on HF-diet 

displayed less tissue damage than corresponding mice on Fe-diet, but showed a steatosis 

hepatis, which seemed to be even more pronounced in hepcidin WTs (figure 10). Note that 

in all hepcidin WT mice a steatosis was present, with highest amounts of intracellular fat 

visible under treatment with HF-diet (figure 10). Future studies are needed to address the 

discrepancy between serum liver enzymes (which were the highest in the HF group) and 

the morphological degree of liver injury (which was the highest in hepcidin KOs fed a 

combined high fat plus Fe-diet). 
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Figure 10: Combination of high fat and iron-rich diet exacerbates the histological liver injury in 

hepcidin KOs. H&E staining was used as a general overview over the liver morphology. Largely normal 

liver architecture was observed in hepcidin WTs on control diet (A), whereas moderate liver damage was 

present in hepcidin KO mice on Fe-diet (D). Liver damage was worst in hepcidin KO mice on high fat (HF) 

plus Fe-diet, where besides inflammation also large amounts of hemosiderin were detectable (H). Note the 

steatosis hepatis present in hepcidin WTs, especially under treatment with HF diet (E). Fe - iron; HF – high 

fat; KO - knockout; WT- wildtype. 

3.3.4. HF-diet increases iron overload in hepcidin KOs kept on Fe-diet 

 

Figure 11: High fat diet increases iron accumulation in hepcidin KOs fed Fe-diet. Prussian Blue staining 

visualized the iron content within the liver tissue. Hepcidin KO mice showed significantly more iron in the 
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liver compared to hepcidin WTs on the same treatment; note that iron in hepcidin KOs was distributed all 

over the liver, while in WTs it was limited to periportal areas. The strongest iron overload was observed in 

hepcidin KO mice on Fe+HF-diet (H), followed by hepcidin KOs on Fe-diet alone (D). Fe - iron; HF – high 

fat; KO - knockout; WT – wildtype. 

As hepcidin KO mice on Fe+HF-diet seemed to have the worst liver damage, we analyzed 

whether this injury might be due to an increased amount of iron overload. Therefore a 

Prussian Blue staining was performed. As shown before, hepcidin KO mice displayed 

more iron in the liver compared to hepcidin WTs on the same diet (see chapter 3.1.4). Note 

that also the distribution of the hepatic iron was different as iron storage in hepcidin KO 

mice is spread all over the liver, while in WTs it was limited to periportal areas (figure 11). 

Obviously hepcidin KOs on Fe+HF-diet displayed the most severe iron overload and 

contained bigger iron complexes compared to hepcidin KO mice on Fe-diet alone (figure 

11). Note that in terms of hepatic iron content, mice on HF-diet gave similar results to mice 

on control diet, a fact which makes sense as there was no additional iron in their food 

(figure 11). 

For a further insight into the iron overload in our mice, serum ferritin levels were 

measured, as the amount of serum ferritin correlates with the amount of iron overload. As 

shown before, hepcidin KOs presented significantly higher levels of ferritin compared to 

hepcidin WTs on the same diet (see chapter 3.2.2); this was also true for mice on HF- or 

Fe+HF-diet (figure 12). Furthermore mice on Fe-diet displayed a significant increase in 

serum ferritin compared to the mice on normal diet. Interestingly, highest serum ferritin 

levels were observed in hepcidin KO mice on Fe+HF-diet and even among non-transgenic 

animals, the mice on combined HF+Fe treatment displayed the highest ferritin levels 

(figure 12). In agreement with the Prussian Blue staining (figure 11), mice on HF diet 

showed comparable ferritin levels to mice on control diet, which makes sense as both did 

not get any additional iron within their food. As already mentioned before, ferritin 

represents an acute phase protein and therefore its levels might be also elevated in stress 

and inflammatory conditions. 
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Figure 12: HF-diet increases serum ferritin levels in mice on Fe-diet. Serum ferritin, an iron-binding 

protein, was quantified as a parameter of systemic iron overload. In hepcidin KO mice the serum ferritin 

level was significantly elevated compared to WTs. As expected, mice with additional iron in their food 

displayed significantly higher levels of serum ferritin. Interestingly, a combination of high fat plus Fe-diet 

resulted in higher serum ferritin levels when compared with Fe-diet alone. Note that ferritin is not just an 

iron-binding protein but also an acute-phase protein and therefore is also elevated in inflammation and stress 

conditions. Fe - iron; HF – high fat; KO - knockout; M – male; WT – wildtype. 

*p<0,05 

**p<0,01 
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3.3.5. A combination of high fat and Fe-diet induces liver fibrosis development in 

hepcidin knockouts 

 

Figure 13: Sirius Red staining detects a mild liver fibrosis in hepcidin KO mice on a combined 

treatment with HF- and Fe-diet. No collagen was detectable in mice on control- and Fe-diet. Interestingly 

hepcidin KO mice on Fe+HF-diet displayed small amounts of collagen and therefore a mild liver fibrosis.  Fe 

- iron; HF – high fat; KO - knockout; WT – wildtype. 

To study whether the combination of HF- and Fe-diet induces liver fibrosis development, a 

histological staining of liver tissue with Sirius Red was performed. While there was no 

visible collagen in mice on normal or Fe-diet (see chapter 1.3.5), small amounts of 
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collagen were detectable in hepcidin KO mice on Fe+HF-diet suggesting a presence of 

minimal fibrosis (figure 13). Therefore we conclude that a combination of iron and fat 

leads to more severe liver damage and is sufficient to induce the development of liver 

fibrosis. 

3.3.6 A combined high fat and Fe-diet exacerbates liver injury in hepcidin KO mice 

In the last part of my thesis, I studied whether a combination of two different stress 

situations i.e. high fat and Fe-diet exacerbates the iron overload induced liver injury. With 

respect to the body weight and the liver enzymes, mice on Fe+HF-diet did not exhibit a 

decrease in general health status or an apparent increase in liver injury. But in histological 

staining, hepcidin KOs on Fe+HF-diet displayed worst liver tissue damage with elevated 

inflammation, apoptosis and deposition of hemosiderin. Also the iron overload in these 

mice was most pronounced, as shown by Prussian Blue staining and higher serum ferritin 

levels. Finally, in Sirius Red staining small amounts of collagen were visible in hepcidin 

KOs on Fe+HF-diet documenting a beginning fibrosis in these mice, which was not seen in 

hepcidin KOs on Fe-diet alone. Therefore a combination of high fat plus Fe-diet 

exacerbated iron overload induced liver injury in hepcidin KOs.  
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4. Discussion 

4.1. Iron overload in hepcidin KO mice compared to other mouse models for 

hemochromatosis 

In my thesis, I studied the suitability of hepcidin knockout mice as a model of iron-induced 

liver damage. These mice exhibited a marked hepatic iron accumulation, moderate liver 

inflammation, liver damage with increased transaminases and most interestingly, moderate 

fibrosis, proven by significantly increased levels of collagen mRNA. Of note, the iron 

accumulation observed in hepcidin KOs surpassed the levels seen in other mouse models 

for hemochromatosis i.e. HFE knockout mice, HFE C282Y missense mutation, TfR2 KOs, 

TfR2/HFE double knockouts, HJV KO, BMP6 KOs and hepcidin KOs. Hepcidin KOs 

display hepatic iron levels of averagely 51µmol/g tissue while other dietary induced mouse 

models, i.e. HFE KO [51], TfR2 KO [51, 57, 178] and even HFE/TfR2 double knockout 

mice [51] present only a hepatic iron concentration (HIC) up to 30µmol/g. In HJV 

knockout mice different results were published: On the one hand Huang et al. measured 

hepatic iron concentrations up to approximately 30µmol/g [88], but on the other hand 

Niederkofler et al. identified a HIC with a maximum of 150µmol/g [134]. Regardless 

hepcidin KO mice accumulate more iron than most of the other commonly used mouse 

models for hereditary hemochromatosis. This is especially noteworthy as hepcidin 

knockout mice are on a C57Bl/6 background, i.e. a strain which is known to be relatively 

resistant to iron overload [70]. To that end, Fleming et al. were examining HFE knockout 

mice with different backgrounds (AKR, C3H and C57BL/6) and realized, that HFE 

knockout mice on C57BL/6 background accumulated much less iron than mice with 

background AKR or C3H [70]. Similarly, Levy et al. showed that HFE knockout mice on 

C57Bl/6 background harbor a lower amount of iron compared to mice with the same 

genetic defect on 129/SvEvTac background [108]. Important is also the fact, that HFE KO 

mice, which are one of the most widely used mouse models for hemochromatosis, reach a 

plateau in iron accumulation at the age of about 10 weeks and therefore do not develop 

liver fibrosis or cirrhosis, while hepcidin KOs steadily increase their iron concentration, at 

least until the age of 6 month[12, 186]. 

Several previously used iron overload models also differ in the method by which iron 

overload is generated. We induced iron overload by oral administration of 3% carbonyl 

iron while Carthew et al. administered iron subcutaneously. While this administration form 
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results in high amounts of iron within liver tissue, no development of hepatic fibrosis was 

seen [39]. Interestingly, a similar experiment using parenterally given iron administered to 

gerbils instead of mice or rats caused hemosiderosis and hepatic fibrosis after six weeks 

[39]. Pigeon et al. directly compared different ways to generate iron overload in vivo 

[146]: To that end, they induced iron overload by oral administration of carbonyl iron in 

different concentrations, i.e. 0,5%, 1,5% and 3%. Mice fed with 3% carbonyl iron for 8 

month displayed 10 times higher concentrations of iron within liver tissue compared to 

mice on control diet [146]; male hepcidin WT mice on 3% carbonyl iron in my experiment 

showed similar results as they had 8,5 fold higher concentrations at the age of six month 

compared to the non-transgenic animals on control diet. Male hepcidin KO mice fed with 

3% carbonyl iron diet displayed a 2,4 times higher iron concentration than hepcidin KO 

mice on control diet. This only moderate increase is not surprising since the genetic defect 

without any additional dietary iron is causing a massive iron accumulation within liver 

tissue. Pigeon et al. also efficiently induced iron overload by a single subcutaneous 

injection of iron dextran at a dose of 1g/kg as described by Carthew et al. [39]. While this 

treatment leads to a 24 fold increase in hepatic iron compared to control mice, who 

received a subcutaneous injection containing dextran and phenol [146], this does not 

reflect the situation in patients with primary hemochromatosis, who typically incorporate 

iron as a part of their diet. Therefore, mouse models with oral iron supply represent a more 

realistic model of primary hereditary hemochromatosis. 

The iron overload in my experiment was verified histologically by Prussian Blue staining 

and was quantified with parameters such as hepatic iron content and ferritin. Interestingly, 

hepcidin KOs differ from most HH models in the histological pattern of iron overload. For 

example TfR2 knockout mouse [178] and HFE knockout mouse [186] display iron 

overload in periportal fields, while our hepcidin KO mice exhibit iron accumulation 

primarily in centrolobular area or demonstrate a rather ubiquitous staining pattern. This 

observation was already made by Lesbordes-Brion et al [107] and might be related to the 

expression of ferroportin, the only known hepcidin receptor [56]. However, further studies 

are needed to completely clarify the underlying mechanisms. The same phenomenon was 

seen in the Usf2 knockout mouse by Nicolas et al.. These animals first developed an iron 

deposition in the periportal area and later on, a progressive iron accumulation, which was 

homogeneously distributed throughout the whole liver tissue [129]. Also HJV knockout 
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mice, which represent another experimental model of juvenile hemochromatosis, display 

uniform iron overload within liver tissue [134]. 

4.2. Hepcidin knockout mice constitute a suitable mouse model for hereditary 

hemochromatosis 

While the maximum hepatic iron concentration in our male hepcidin KO mice on Fe-diet 

was 60µmol/g, it is clearly below the hepatic iron loads seen in humans with untreated HH, 

which can rise up to more than 1000µmol/g [53, 74]. This is more than a 28 fold increase 

in the normal hepatic iron content (HIC), which ranges from 10 - 36µmol/g in humans [53, 

74]. In humans, first signs of stellate cell activation were found at an iron level of about 

60µmol/g [149], which is about twice as high as the normal HIC, while cirrhosis is often 

seen at levels around 250µmol/g [3, 74, 148]. In my experiment the hepcidin knockout 

mice displayed an average HIC of 51µmol/g, that means an approximately 15 fold increase 

compared to our healthy hepcidin WT mice fed control diet, which displayed hepatic iron 

concentrations of approximately 3,5µmol/g. Therefore although hepcidin knockout mice 

exhibit higher hepatic iron concentrations than most of the other mouse models of 

hemochromatosis, it is still less than the levels found in humans with untreated HH. The 

extent of HIC plays an important role in the progression of the disease. Already in the 

1980´s it was suspected that in absence of further risk factors like for example alcohol, 

relatively high levels of HIC are necessary to cause fibrosis and cirrhosis [23]. However 

the association between HIC and development of liver cirrhosis in humans is imperfect and 

different cut-off values for HIC exist. Early studies suggested a level of 400µmol/g [23, 

46], while a study from the year 2001 describes a value of 283µmol/g [3]. Significantly 

lower iron levels seem to be sufficient for stellate cell activation, which represents the 

initial step in the process. For example, Ramm et al proposed that levels above 60µmol/g 

might be sufficient [149] and these amounts were exceeded in our hepcidin knockout mice 

fed with Fe-diet. Therefore it seems logical, that our mice did not show complete fibrosis 

but already a beginning fibrosis  

Serum ferritin levels in hepcidin KOs on Fe-diet move around 4800µg/l in males and 

4600µg/l in females and in that respect, hepcidin knockout mice reached levels comparable 

with untreated human HH patients [176]. In humans, normal serum ferritin values lie 

below 450µg/l in men and 300µg/l in women [102]. Similarly to HIC, serum ferritin also 

partially reflects the risk of developing hepatic fibrosis or cirrhosis. Patients with serum 
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ferritin level lower than 1000µg/l bear only a small risk for liver cirrhosis while subjects 

exceeding this level harbor increased risk for development of hepatic cirrhosis [10, 143, 

176] and even increased risk for death [22]. Moreover an association between serum 

ferritin level and the histological severity of the hepatic disease with more inflammation, 

steatosis, hepatocellular ballooning and fibrosis has been described in HH subjects [102]. 

Similarly, in my experiment, an association between the serum ferritin level and the 

histological extent of the disease severity was seen as hepcidin knockout mice on Fe-diet 

displayed hepatocyte swelling and increased amount of apoptosis compared to the other 

groups. 

4.3. Iron overload leads to liver damage 

Phenotypically the major difference between hepcidin KOs and WTs concerns the body 

weight as hepcidin knockouts displayed much lower bodyweight compared to their non-

transgenic control group. This was also observed by Lesbordes-Brion et al. [107], however, 

their mice did not show body weight loss until the age of 8 months [107], while our mice 

on Fe-diet displayed significant differences in the body weight already at the age of 6 

months. This is likely caused by different concentrations of dietary iron supplementation: 

Lesbordes-Brion et al. used standard laboratory mouse chow with an iron content of 

280mg/kg and additional 2% carbonyl iron for two weeks [107] whereas we used 3% 

carbonyl iron for unlimited time.  The phenotype of the hepcidin knockout mouse seems to 

be similar to the HJV knockout mouse [134], which is understandable as HJV knockout 

mice show greatly diminished hepcidin levels and both knockout mice represent models of 

juvenile hemochromatosis (HH type 2). 

In my experiment hepcidin KO mice on Fe-diet displayed a significant increase in liver 

size compared to hepcidin KO on control diet and also compared to WT mice on Fe-diet. 

Liver to body weight quotient was also significantly elevated, thereby confirming the 

specificity of the observation. Previous studies also demonstrated that iron overload may 

lead to an increase in liver size [167]. Whittaker et al. detected, that hepatocellular 

hypertrophy is mainly located in periportal areas [182]. Even in humans, hepatomegaly is 

commonly observed in patients with hemochromatosis [59]. The exact mechanism is still 

largely unknown, but studies suggested that iron can act as a direct hepatic mitogen leading 

to increased levels of Cyclin D1, a protein which regulates cell cycle and thereby induces 

hepatocyte proliferation [35, 167]. This mechanism was further supported by the findings 
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from Gao et al. who realized that Cyclin D1 level decreases after administration of iron 

chelators [79]. 

Troadec et al. also suggested a correlation between increased Cyclin D1 levels and the 

occurrence of hepatocellular carcinoma (HCC) because Cyclin D1 leads not only to an 

increase of liver mass but also to nuclear polyploidisation [167]. While HCC is a common 

consequence of HH in humans [41, 96, 132], no HCC was seen in our hepcidin KOs. 

However, studies in older animals will be needed to fully explore this potentially 

interesting association. 

Our hepcidin KOs on Fe-diet displayed significantly elevated levels of the liver injury 

marker ALT with average levels of 85u/l at the age of six months easily surpassing other 

mouse models like HFE KO and TfR2 KO with levels below 40u/l [51] and even 

HFE/TfR2 double knockout with ALT levels up to approximately 60u/l [51]. ALT levels in 

our hepcidin KOs also exceed the levels typically seen in humans, which lie at 

approximately 50u/l [4]. Surprisingly hepcidin WT mice on control diet displayed slightly 

higher levels of ALT than WTs on Fe-diet although this result is not significant. 

Interestingly, Delima et al., who examined HFE knockout and TfR2 knockout mice got the 

same results with respect to WT mice [51]. This result is surprising as even non-transgenic 

mice on Fe-diet take up more dietary iron and therefore should display similar or higher 

liver tissue damage. One explanation for this finding might be hepatic steatosis, which 

tends to decrease in nontransgenic animals on Fe-diet. AST levels and AP levels in our 

hepcidin KO mice were increased up to 262u/l and 139u/l, respectively AST levels in our 

hepcidin KO mice clearly surpass levels found in human patients, which are only slightly 

elevated and typically stay below 45u/l [4]. These results are confirmed histologically in a 

way, that hepcidin KOs displayed significantly more liver damage, i.e. hepatocyte 

swelling, apoptosis and inflammation compared to human findings, thereby suggesting that 

the animals harbor a more active disease. The results in hepcidin KOs on Fe-diet are 

comparable to HFE/TfR2 double knockout mice [51], while HFE and TfR2 single 

knockouts do not show foci of inflammation [51]. 

Apoptosis, which was detected via Western Blot with D237, was significantly elevated in 

hepcidin KOs on Fe-diet. On the other hand, there was no apoptosis present in hepcidin 

WTs on control diet. In our hepcidin KO mice apoptosis was predominantly present in the 

area around central vein. This fact was also seen by Zhao et al., who realized, that in 
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hemochromatosis patients, apoptosis is predominantly located in pericentral parts of the 

liver lobe, what clearly distinguished them from other etiologies of iron overload such as 

transfusional siderosis [185]. Also in other experimental animal models of iron overload, 

apoptosis has been described. One potential explanation might be the finding, that 

excessive iron is stored within lysosomes [160] leading to peroxidation of lysosomal 

membranes with subsequent lysosomal fragility and dysfunction [33, 156]. Lunova et al. 

demonstrated, that intracellular iron in hepcidin knockout mice on Fe-diet is mostly located 

within lysosomes [unpublished data]. As a consequence iron and hydrolytic enzymes like 

cathepsins are released into cytoplasma [164] giving rise to apoptosis and necrosis of 

hepatocytes [25, 34], a mechanism similar to lysosomal storage diseases. Increased 

lysosomal fragility is already established in some experimental animal models [90, 106] 

and has also been observed in our animals [unpublished data]. Even in human patients with 

HH, lysosomal iron accumulation within hepatocytes has been detected [91, 162]. 

Interestingly we found increased levels of cathepsin B in our hepcidin KOs on Fe-diet 

[unpublished data], but no alteration in cytochrome c level, leading to the assumption, that 

lysosomal damage might be more prominent than mitochondrial damage.  

4.4. Liver fibrosis and cirrhosis as a consequence of iron overload 

A major finding of my study is the fact that the treated hepcidin KOs develop liver fibrosis. 

Several pathomechanisms might initiate this process. First of all, the elevated NTBI levels 

seen in our animals are known to lead to oxidative stress that has been shown previously to 

induce damage to hepatocellular organelles and an inflammatory reaction [89]. Of note, 

both events are established activators of hepatic stellate cells (HSC) [89]. On the other 

hand, we were not able to detect increased levels of several established reactive oxygen 

species such as malondialdehyde or 4-hydroxynonenal [unpublished data] and therefore, 

further studies are needed to find out what reactive oxygen species are of importance in 

hepcidin KOs. Of note apoptosis, although representing a rather “silent” form of cell death, 

has been shown to contribute to liver damage and even development of fibrosis [141, 163], 

although the exact mechanisms are not established yet. Also lysosomal fragility, which was 

clearly detected in our hepcidin knockout mice – as mentioned in chapter 4.3. – causes 

fibrosis. However, additional mechanisms including mitochondrial dysfunction, although 

we were not able to detect this in our hepcidin knockout mice [unpublished data] may also 

play a role in the development of hepatic fibrosis. 
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4.5. Differences between males and females referred to iron overload 

The mice in my experiment displayed gender-related differences in the extent of liver 

damage. Histologically more liver damage and more foci of inflammation were observed 

in males compared to the corresponding females. Regarding the measured hepatic iron 

content a slight trend towards higher iron levels in males was seen, but it was not 

significant at the age of 6 month. Histologically various patterns of iron distribution were 

seen, as iron in males was spread all over the liver, while in females it was mostly located 

in periportal areas. Similar to our findings, Latour et al. described a comparable amount of 

iron in their male and female BMP6 KO mouse livers at the age of 7 weeks [105]. 

However, while the iron overload in BMP6 KO females was limited to hepatic tissue, 

males also displayed elevated iron levels in exocrine pancreas, heart and kidneys [105]. 

Interestingly in Hepcidin females, iron accumulation is also found in other organs than 

liver, which suggests, that the low hepcidin levels seen in BMP6 KO females protect them 

from extrahepatic iron deposition [105]. 

Even more obvious difference in the course of HH between both genders is seen in 

humans. While men with hereditary hemochromatosis more often present with early 

symptoms, women less frequent develop symptoms and if they do, symptoms occur later 

after menopause [86]. The iron amount accumulated in men is much higher than in women 

and therefore liver damage is seen more often although the genetic defects underlying HH 

are equally distributed between males and females [20, 21, 86, 155]. Furthermore men with 

HH suffer a twice higher mortality due to cardiomyopathy, which is thought to be caused 

by higher cardiac iron concentrations compared to women [30]. 

Recurring blood loss due to menstruation or childbirth [86, 105] and higher demand of iron 

during pregnancy [26] provide a likely explanation for the lower iron accumulation in 

women. But unlike humans, female mice do not have a menstruation cycle [86, 105] and 

this may in part explain the lower gender differences in our mice compared to humans. 

Neves et al. detected that multiple pregnancies do not reduce body iron stores in HFE KO 

and control mice [127]. As a potential explanation, hepcidin 1 and 2 expression is reduced 

in pluriparous [127] or pregnant females [117] and leads to increased iron uptake, which 

likely offsets the demand [117]. 
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As an additional explanation for the differing iron levels among genders, several studies 

pointed out that female mice display significantly higher levels of hepcidin mRNA in liver 

than corresponding males [45, 103, 105]. The different amount of hepcidin in both genders 

leads to the hypothesis, that male gonadal hormones influence the synthesis of hepcidin, an 

assumption which is confirmed by the fact, that castrated male BMP6 KO mice display 

higher hepcidin expression, which is similar to the level seen in BMP6 KO females [105]. 

The castration also results in a small, not significant decrease of hepatic iron overload, a 

fact which was seen both in BMP6 KO mice and in the control group [105]. It has been 

shown, that testosterone leads to hepcidin downregulation via Egfr signaling [105], but the 

exact molecular mechanisms are not known yet. In addition to that, male gonadal 

hormones may have a direct influence on the expression of iron transporters [105]. Ganz et 

al. detected significantly lower hepcidin levels in women than in men, which is probably 

due to lower iron stores in women compared to men [77]. Another possible explanation 

might be the fact, that estrogens in the liver increase the production of ROS [64], which in 

turn downregulate hepdicin transcription [85]. 

4.6. HF-diet leads to strongly increased serum ferritin 

Our hepcidin KO mice on combined high fat and Fe-diet showed significantly higher 

levels of ferritin, even higher than the corresponding mice on Fe- or HF-diet only. In 

humans, highest ferritin levels were measured in patients with hemochromatosis, followed 

by those with alcoholic liver disease [47]. Humans with NAFLD display less elevated 

levels of ferritin [47], which is comparable to our mice on single HF-diet. Increase of 

serum ferritin in patients with NAFLD is thought to be either caused by systemic 

inflammation induced by steatosis or iron overload or caused by a combination of both 

factors. Interestingly mice on HF-diet presented lower serum ferritin levels than mice on 

control diet, a fact which was also recognized in rats by Meli et al [114]. This could be 

explained by a physiologically induced hepcidin synthesis, which is intensified in mice on 

HF-diet via extrahepatic hepcidin production in adipose tissue [52, 114].  

Serum ferritin is a clinically important marker, as it is positively correlated with the 

mortality of patients waiting for liver transplantation [177, 180]. But until now it remains 

still unclear whether hyperferritinemia emerges as a consequence of severe course of the 

disease or plays a role in the progression. Current data rather suggest that elevated ferritin 

levels might be protective since ferritin binds free iron and limits its reactivity [114]. On 
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the other hand, ferritin may act as a proinflammatory mediator for hepatic stellate cells and 

therefore play a role in hepatic fibrogenesis [154]. 

4.7. Consequences of HF-diet 

In contrast to patients with hemochromatosis, in whom hepcidin levels are inappropriately 

low, increased levels of hepcidin in serum, urine and liver were found in patients with 

metabolic syndrome [7, 19]. The elevated levels of hepcidin might be a reaction on the 

increased iron levels in metabolic syndrome [44]. Additionally Bekry et al. suggested an 

ectopic synthesis of hepcidin in adipose tissue as a possible reason for elevated hepcidin 

levels [27]. Furthermore the pro-inflammatory milieu in metabolic syndrome induces 

synthesis of hepcidin via cytokines like IL-6 on TNF-α [7]. Elevated hepcidin mRNA was 

also detected in rats on HF-diet by Meli et al. [114]. Desgrippes et al. also described a 

positive correlation in humans between body overweight and serum hepcidin level [52]. 

Taken together this supports the assumption that the increased synthesis of hepcidin is a 

physiological response mechanism to prevent iron overload. This fact likely accounts for 

the reduced ferritin levels in our mice on HF-diet compared to the control group. 

In my experiment hepcidin knockout mice on combined Fe+HF-diet displayed the highest 

amount of iron accumulation. This is reminiscent on the situation in humans with alcoholic 

or nonalcoholic steatosis, in whom elevated levels of serum iron [75] and liver iron [95, 

100] were seen. In alcoholics, this effect is likely caused by increased intestinal iron 

absorption [58] as well as hepcidin downregulation [31, 85] leading to increased intestinal 

iron uptake. While the role of iron overload in the progression of the disease is established 

in ALD, the consequences of iron overload in non-alcoholic fatty liver disease NAFLD are 

still discussed. Several studies suggest a positive correlation between iron accumulation 

and progression of the disease [14, 62, 68, 81, 93, 99, 111, 184]. This hypothesis is also 

confirmed by the fact, that iron depletion, i.e., phlebotomy improves insulin response and 

even the hepatic injury [60]. The cause leading to iron overload in NAFLD is not 

completely understood yet. Earlier studies hypothesized that insulin increases intestinal 

iron uptake [66], while other hypothesis claims, that the iron overload in NAFLD is caused 

by necrosis, as dying hepatocytes release their stored iron [161]. Several newer studies 

suggested a direct modulation of hepcidin expression, which leads to a change in iron 

levels [6, 27]. 
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In my experiment, a combined diet with HF and iron led to stronger, histologically proven 

liver damage, increased inflammation and elevated levels of apoptosis. Even mild hepatic 

fibrosis was observed in hepcidin KO mice on combined HF+Fe-diet, a finding which was 

not made in any other group. Therefore, metabolic disturbances may accelerate the 

development of liver disease in patients with iron overload. In this respect, it is already 

known, that humans with HH and alcohol consumption have a more severe course of the 

disease [40, 73]. To strengthen the connection between metabolic syndrome and iron 

overload, it was reported that one-third of patients with NAFLD displays elevated 

transferrin saturation [47], a combination which is called dysmetabolic iron overload 

syndrome (DIOS) [47, 61, 118]. On the other hand, recent studies reported an increased 

insulin resistance in C57Bl/6 male mice fed with Fe-diet [55]. Interestingly, Dongiovanni 

et al. explained this effect with an up-regulation of hepcidin [55]. However, this study 

remains controversial as other researchers measured down-regulated hepcidin levels [168] 

similarly to patients with other liver diseases like hepatitis C or NAFLD [101]. 

Taken all together, our data support a synergistic effect of fatty nutrition and iron toxicity. 

For future this means, that treatment of iron overload, i.e., via phlebotomy might be an 

attractive therapeutic option for NAFLD as already confirmed by some studies [54, 67, 

147].  
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5. Summary 

Iron is both essential and potentially toxic element and its metabolism is therefore 

regulated via hepcidin, a hormone synthesized by hepatocytes. Hepcidin blocks iron uptake 

and a dysfunctional hepcidin signaling is seen in genetic iron overload disorders termed 

hereditary hemochromatosis that predispose to development of chronic liver injury and 

liver fibrosis. The exact mechanisms underlying iron hepatotoxicity as well as the factors 

modifying the progression of liver disease in iron overloaded subjects are only 

incompletely understood. To improve that, I analyzed hepcidin knockouts (KOs) as a 

model of iron overload associated liver injury. Given the widespread epidemics of obesity, 

I also studied the combined influence of iron overload and a diet rich in saturated fatty 

acids (HF-diet).  

Hepcidin KO and wildtype (WT) mice were fed with iron-rich (Fe) and HF-diet alone or 

both diets in combination (Fe+HF) starting at one month of age. The iron metabolism as 

well as presence of liver injury was examined in six months old animals. 

Compared to other mouse models, male hepcidin KOs on Fe-diet displayed significantly 

elevated levels of hepatic iron (KO: 51,8±7µmol/g, WT: 30,3±8µmol/g, p<0,05) and an 

activation of hepatic stellate cells but no liver fibrosis. Hepcidin KOs also developed liver 

injury with mild hepatic inflammation, hepatocellular apoptosis as well as elevated 

transaminases (Aspartate transaminase (AST): KO 262±35 U/l, WT 142±77 U/l, p<0,05). 

Similarly to the human situation, male hepcidin KOs had a more pronounced hepatic iron 

overload than females (Fe-diet: Male KO: 51,8±7µmol/g, female KO: 44,7±10µmol/g). 

Hepcidin KOs exposed to Fe+HF-diet showed the highest hepatic iron overload and the 

highest ferritin serum levels (KO Fe-diet: 4759±71 µg/l; KO Fe+HF-diet: 7245±267 µg/l, 

p<0,05). In agreement with that, hepcidin KOs on Fe+HF-diet presented with the most 

pronounced liver damage (Alanine transaminase (ALT): KO Fe-diet: 85±12 U/l; KO 

Fe+HF-diet: 221±91 U/l; p<0,05), an increased hepatic inflammation, elevated levels of 

apoptosis and even mild hepatic liver fibrosis.  

My data demonstrate that loss of hepcidin together with an exposure to Fe-diet is sufficient 

to induce hepatic injury, a finding that makes these mice an attractive tool to study the 

hepatotoxicity of iron overload. The observed additive hepatotoxic effect of iron overload 

and HF-diet meshes well with human studies that demonstrated a histological improvement 
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in patients with nonalcoholic steatohepatitis, who were subjected to iron overload reducing 

treatment.  
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