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1 Introduction 

1.1 Iron homeostasis 

Iron is an essential element which plays an important role in growth and survival, since it 

is necessary for various cellular processes such as DNA synthesis and repair, regulation of 

transcription, mitochondria respiration, or oxidative phosphorylation, and other enzymatic 

functions [1]. It is also required for iron sulphur clusters synthesis (iron sulphur clusters 

participate in electron transport, catalysis and regulatory processes of the cell) [2], haem 

synthesis and ferritin production [1,3]. The most important function of iron is to accept and 

donate electrons, thereby enabling oxygen transport [1,4] and generation of adenosine 

triphosphate (ATP). The human body contains 4 – 5 g of iron [5] which is found mainly as 

haem in haemoglobin of erythroid cells (> 2 g) or myoglobin in muscles (about 300 mg). 

Macrophages from spleen, liver, and bone marrow harbour the transient iron fraction 

which totals approximately 600 mg, while approximately 1000 mg of iron is stored in 

parenchymal cells in the form of ferritin [6]. Among the parenchymal cells, liver 

hepatocytes represent the major iron – storing cells. 1 – 2 mg of the iron is lost every day 

through excretion via urins, faces, sweat etc as well as physiological blood loss [7]. Lost 

amount of iron needs to be replaced with iron absorbed from intestine [8]. In fact, intestinal 

iron uptake represents the only way to regulate iron metabolism and this regulation is 

executed by hepcidin, the central iron regulator. 

1.2 The role of hepcidin in iron homeostasis 

Hepcidin was first isolated from plasma and urine filtrates by A. Krause in 2000 [9] and C. 

H. Park in 2001 [10,11]. The gene encoding hepcidin (HAMP) resides at chromosome 

19q13 and encodes an 84 amino acid long precursor termed preprohepcidin. After two 

cleavage steps, the final 25 amino acid long hepcidin is found. Hepcidin exerts its function 

through binding and subsequent internalization and degradation of ferroportin, the only 
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known iron exporter [12]. Thereby iron export from the intestine into blood, the release of 

iron from macrophages and hepatocytes (Figure 1.1) [13]. Liver hepatocytes represent the 

predominant source of hepcidin synthesis and hepcidin production is regulated by iron 

demand [14]. In case of iron abundance, hepcidin concentration increases and limits further 

iron absorption [15,16]. On the other hand, in case of iron deficiency, hepcidin expression 

decreases and thereby permits an unrestricted release of iron from the intestine to the 

plasma [16,17,18,19,20]. However the regulation of hepcidin expression is very complex 

and increases in response to many processes such as infection and inflammation (via IL – 6 

STAT3 signalling pathway) or hypoxia [21]. 

 

 

Figure 1.1. Iron distribution in human body. Human body contains about 4 – 5 g of iron. The majority of 

the iron is found in haemoglobin of circulating red blood cells. Approximately 20 – 30 % of body iron is 

stored in hepatocytes and reticuloendothelial macrophages bound to ferritin or hemosiderin. Hepcidin is the 

major regulator of iron metabolism which controls iron release from intestine, macrophages, and hepatocytes. 
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1.3 Hepcidin – Ferroportin interaction and cellular iron release 

It has been shown that binding of hepcidin to ferroportin leads to phosphorylation, 

internalization, ubiquitination, and finally to lysosomal degradation of ferroportin [22,23]. 

The 5 N – terminal amino – acid of hepcidin residues are needed for this interaction 

[22,24,25]. In situations of high hepcidin production, iron is located within the enterocytes 

and is lost through desquamation of cells into the gut lumen. Ferroportin is also expressed 

by macrophages and, thereby, hepcidin plays a key role in iron recycling [26]. To that end, 

senescent red blood cells are phagocytosed by macrophages, iron liberated from haem, and 

this iron is brought back to the bloodstream via ferroportin, where it is bound to transferrin 

and redistributed into different tissues. Ferroportin is also found in hepatocytes, the liver 

parenchymal cells [27]. In summary, hepcidin regulates the amount of ferroportin and 

release of iron from multiple different cells; and patients in whom the hepcidin – 

ferroportin interaction is disrupted due to ferroportin mutation, Kupffer cells contain 

increased amount of iron (Table 1.1). 

1.4 Iron overload disorders. Role of hepcidin in iron overload 

1.4.1 The role of hepcidin in iron overload disorders 

Multiple human conditions result in a dramatic iron overload, which is typically caused by 

a dysfunction in hepcidin signalling, inappropriately low hepcidin production and/or 

exogenous iron supply mainly due to repeated blood transfusions. Such an iron overload 

can damage multiple tissues and lead to many symptoms such as: diabetes, 

cardiomyopathy, arthritis, bronze pigmentation of the skin, and liver cirrhosis [28]. 

Mutations in hepcidin or several hepcidin – related genes including HFE, TFR2, and HJV 

lead to an inherited iron overload and this group of diseases is termed hereditary 

hemochromatosis (HH). To that end, under normal conditions, the membrane proteins 

HFE, TFR2, and HJV form a multi – protein membrane complex required for hepatic 

production of iron hepcidin [29]. Consequently, a defect in HFE [30], TFR2, and HJV 
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leads to diminished hepcidin expression and results in iron overload (Table 1.1) [28,31]. 

Mutations in HFE are the most common form of HH accounting for > 85 % of HH cases, 

with mutations in HJV or hepcidin resulting in particularly severe diseases [28]. Secondary 

or acquired iron overload usually develops as a result of repeated blood transfusions [32], 

and/or due to non – physiologically low hepcidin production in hepatic disorders such as 

hepatitis C or alcoholic liver disease [33,34]. Every millilitre of transfused blood adds 

about 0,47 mg of iron [35]. In addition, anemia is known to decrease hepcidin production 

thereby triggering absorption of iron from intestine [19,32]. Therefore, patients with 

multiple blood transfusions eventually develop iron overload. 
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Table 1.1. The role of hepcidin in selected human disorders. Black font HH; Blue font SH. 

Disorder 

Gene name; 

chromosomal 

location 

Gene function 
Hepcidin and 

consequences 

Hereditary 
Hemochromatosis 
Type I 

HFE; 6p21.3 

Interaction with transferrin 
receptor 1; uptake of transferrin 
bound iron; modulation of 
hepcidin expression 

Low or inappropriately 
normal; iron overload 
in liver, endocrine 
glands, heart 

Juvenile Hereditary 
Hemochromatosis 
Type II A 

HJV; 1q21 
Co – receptor of BMP, interacts 
with BMP6; modulation of 
hepcidin expression 

Low or inappropriately 
normal; iron overload 
in liver, endocrine 
glands, heart 

Juvenile Hereditary 
Hemochromatosis 
Type II B 

HAMP; 19q13.1 
Up – regulation of iron release by 
enterocytes, macrophages, and 
placental cells. 

Hepcidin 

dysfunctional iron 
overload in liver, 
endocrine glands, heart 

TFR2 related 
Hereditary 
Hemochromatosis Type 
III 

TFR2; 7q22 
Possibly uptake of iron by 
hepatocytes; precise role of TFR2 
remains unclear 

Low or inappropriately 
normal; iron overload 
in liver, endocrine 
glands, heart 

Ferroportin disease 
Type IV 

SLC40A1; 2q32 

Ferroportin – iron transporter, 
regulated by hepcidin. Export of 
iron from enterocytes, 
macrophages, placental cells, or 
hepatocytes 

Depending on the 
mutation site, may lead 
to iron – deficiency or 
iron overload 

Iron – refractory iron 
deficiency anemia 

TMPRSS6; 
22q12.3 

TMPRSS6 gene, which encodes 
the serine-protease matriptase 2 
[36] an inhibitor of hepcidin 
production 

High level of hepcidin; 
iron deficiency 

Hypotransferrinemia 
Transferrin 

(TF); 3q22.1 

Binds and transport iron from the 
intestine, reticuloendothelial 
system, and liver parenchymal 
cells to all proliferating cells in the 
body 

Low level of hepcidin, 
anemia, iron overload 
in liver and heart 

β – Thalassemia 
intermedia 

β – Globin; 
11p15.5 

Mutant β - globin causes sickle cell 
anemia 

Low level of hepcidin 
due to anemia 

Chronic Hepatitis C, 
alcoholic liver disease 

 
Inappropriately low hepcidin 
production 

Hepcidin level 
decreased 

Anemia of 
inflammation 

 
Inappropriately high hepcidin 
production due to IL – 6 signalling 

High level of hepcidin, 
despite anemia and 
hypoferremia 

Anemia of chronic 
kidney diseases 

 
Hepcidin inappropriately high due 
to ongoing inflammation 

High level of hepcidin, 
despite anemia and 
hypoferremia 

Alcoholic Liver 
Cirrhosis 

 
Inappropriately low hepcidin 
production 

Hepcidin level 
decreased 
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1.4.2 Hereditary hemochromatosis (HH) 

The most common inherited disorder of iron metabolism is the HH type I. It constitutes an 

autosomal recessive disease with mutation in HFE gene. HFE is located at chromosome 6p 

and encodes an atypical major histocompatibility complex (MHC) class I type molecule 

[31,37]. Majority of patients with type I HH have point mutation in exon 4 of HFE gene 

that results in substitution of tyrosine for cysteine at position 282 of HFE protein (C282Y) 

[28,37]. Other patients are compound heterozygote for C282Y / H63D HFE mutations 

which result in a mild phenotype. Homozygous C282Y mutation represents one of the 

most common inherited disorders and are found in people of Northern European origin 

[38,39]. In the US HFE C282Y mutation is responsible for 80 – 90% of hemochromatosis 

cases [40]. While homozygotes for C282Y mutation frequently all develop a multiple 

organ iron overload as a marker [41], the percentage of the disease (i.e. occurrence of 

clinical symptoms) is relatively low [42]. Similarly, HFE C282Y mutation leads to marked 

iron overload in mice, however it does not typically lead to tissue damage under basal 

conditions [43]. The H63D variant is even more common and is found in 15 – 40 % of 

Caucasians, however homozygous presence of H63D variant is not sufficient to cause 

disease development [44]. On the other hand, compound heterozygotes C282Y / H63D 

may develop a disease although the phenotype is milder than the one seen in homozygous 

HFE C282Y carriers [45]. Reports of several groups show that the disease development in 

HFE C282Y carriers correlates with the extent of iron overload, albeit this correlation is 

imperfect [46,47]. The second most common HH form is due to homozygous mutation in 

the gene encoding the transferrin receptor 2 (TFR2) and was first described in 2000 by 

Camaschella [48]. Although the role of TFR2 in iron mechanism is incompletely 

understood, current evidence suggests that TFR2 is involved in cellular iron regulation 

rather than in iron uptake [49]. TFR2 related hemochromatosis shows relatively late 

development (3rd – 4th decade of the life) and can lead to heart disease, endocrine disorders 
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as well as liver damage [50,51]. The most severe type of HH is also known as a juvenile 

hemochromatosis (JH). It represents an autosomal recessive disorder with severe iron 

accumulation and disease development in 15 – 20 years old subjects [52]. In addition to 

elevated transferrin saturation (TS), serum iron, and serum ferritin levels, the patients 

display impotence and cardiomyopathy. JH might be caused by mutations in the gene 

coding for HJV (more common, type 2A HH) or HAMP (less common, type 2B HH) 

[52,53]. In agreement with that, HJV as well as hepcidin knockout mice develop severe 

iron overload phenotype [54]. Mutations in ferroportin gene (SLC40A1) causes HH type 

IV which is also known as ‘ferroportin disease’ [55]. The phenotype of ‘ferroportin 

disease’ typically includes elevated serum ferritin level and low or normal transferrin 

saturation. Dependent on the position of ferroportin mutation, these mutations can lead 

either to diminished ferroportin levels resulting in macrophages iron overload or to 

hepcidin resistance (i. e. elevated ferroportin levels) with hepatocellular iron overload 

[22,25,56]. ‘Ferroportin disease’ is inherited in autosomal – dominant manner, is typically 

less severe than HFE but display a large variability dependent on the underlying mutation 

[57]. 

1.4.3 Secondary hemochromatosis (SH) 

The term Secondary Hemochromatosis (SH) describes a heterogeneous group of disorders, 

in which the development of iron overload is not due to an inherited mutation in a gene 

involved in iron methabolism. ß-thalassemia represents probably the best known cause of 

SH and with at least 60000 individuals being born every year [58,59]. ß-thalassemia arise  

ß – globin gene which results in its reduced synthesis, ineffective erythropoiesis and 

deregulation of iron metabolism lead to iron overload due to the need for multiple blood 

transfusions and increased intestinal iron absorption. Together with the massive 

haemolysis, iron overload causes accumulation of Non Transferrin Bound Iron (NTBI) 

which contributes to the observed damage in multiple tissues such as spleen, liver 
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(predominantly hepatocytes), and bone marrow [60,61]. Several researchers showed that 

despite the presence of iron overload, hepcidin remains low in patients with                        

ß – thalassemia probably because of the anemia which inhibits hepcidin production [62]. 

Of note, a crossbreeding of thalassemia mice with homozygous Tmprss6 significantly 

improved the phenotype of the mice and increased their life span [63]. Another two 

common disorders which are associated with hepatic iron overload are chronic Hepatitis C 

Virus (HCV) infection [33] and Alcoholic liver disease (ALD) [34,64]. HCV and ALD 

represent two abundant chronic liver diseases which may lead to development of liver 

cirrhosis and hepatocellular carcinoma thereby causing a significant mortality and 

mobility. It has been reported by Friedmann in 1988 that patients with ALD have twice 

increased intestinal iron absorption which leads to elevation of serum iron markers even at 

early age and iron accumulation in liver (predominantly periportal hepatocytes and later in 

Kupffer cells) [34]. Iron accumulation in ALD is typically relatively mild, but increase 

with development of cirrhosis. The pathomechanism of iron accumulation in patients with 

ALC is not completely understood, but it seems to be due to inappropriately low hepcidin 

expression [65,66,67]. Several researchers showed that alcohol consumption decreases 

hepcidin levels mainly due to an inhibition of transcriptional factor known to regulate 

hepcidin expression [65,66,67]. Several studies suggest that iron overload contributes to 

progression of ALD likely due to the facts that both iron and alcohol leads to generation of 

Reactive oxygen species (ROS) and thereby to activation of hepatic stellate cells (HSC) 

with subsequent fibrogenesis [68,69]. In contrast to ALD, the iron accumulation in HCV - 

infected patients starts approximately at the age of 40 years. Several groups reported that 

HCV - infected patients displaying hepatic iron overload developed a more severe liver 

damage [33,64]. Similar to ALD, iron accumulation in hepatocytes of HCV - infected 

patients is likely due to hepcidin suppression. Hepatic iron overload is thought to lead to 

generation of ROS as well as to mitochondrial damage [70]. 
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1.5 Iron redistribution and storage 

1.5.1 Plasma iron and mechanism of cellular iron uptake 

To avoid toxic reactions, most of iron in the blood is bound to plasma proteins. Transferrin 

(TF) represents the major iron carrier, while minute iron amount is also bound to albumin 

or citric acid [71]. The major function of TF is to transport iron through the body. 

Transferrin is a glycoprotein with homologous N – and C – terminal iron binding domains 

and is synthesized mainly in the liver. Under normal conditions, about 30 % of plasma TF 

is loaded with iron. To that end, TF – binding is also crucial for cellular iron uptake. The 

TF – iron complex binds to Transferrin Receptors 1 (TFR1) (Figure 1.2) [72,73] which is 

expressed on all dividing cells. In contrast to TFR1 transferrin receptor 2 (TFR2) [74] is 

expressed primarily in the liver and binds to TF – iron (Fe III) complex with much lower 

affinity [75]. The precise role of TFR2 is unknown, but it seems to be involved in iron 

sensing rather than iron uptake. Upon binding to TFR1, TF – bound iron (Fe III) is taken 

up by the cell via receptor mediated endocytosis (Figure 1.2) [76]. Within the endosome, 

the internalized iron is released from TF, a process which requires an ATP – dependent 

acidification of endosome as well as reduction of Fe III to Fe II [77,78] . The reduction of 

FeIII to FeII is mediated by ferrireductase STEAP3 [79]. The ferrous iron is then 

transported into the cytoplasm by Dvalent Metal Transporter 1 (DMT1) [80]. At acidic pH 

the apotransferrin (i. e. TF which lost its iron) remains bound to TFR1 and is brought back 

to the cell surface. After a switch to neutral pH, apotransferrin separates from TFR1 and is 

releases into extracellular milieu where it can bind the next iron ion [79,81]. 

Under normal conditions most of plasma iron is bound to TF, and only small fraction 

remains as NTBI [82]. In case of plasma iron overload, capacity of TF to bind iron is 

exceeded which leads to high level of NTBI [82,83]. Additionally, free iron is toxic since it 

produces reactive oxygen species and NTBI serve as an important marker of potentially 

toxic iron [82]. The precise composition of NTBI is unknown, but they include iron bound 
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to albumin or small organic acids such as citric [78]. The uptake of NTBI is incompletely 

understood but seems to involve DMT1 [84,85] (Figure 1.2) and stimulator of iron 

transport (SFT) which is found on plasma membrane of hepatocytes. Accordingly, 

expression of DMT1 and SFT is increased in situation of iron overload [84,85,86,87]. 

 

Figure 1.2. Pathogenic model of hepcidin deficient hemochromatosis. Loss of hepcidin signalling leads to 

development of hemochromatosis (for instance, Hemochromatosis Type 1, 2A and 2B) due to uncontrolled 

iron absorption by intestine. Elevated iron amount leads to increased amount of NTBI which are taken up and 

stored by liver hepatocytes. Heavy iron accumulation within the liver may lead to iron toxicity due to 

production of ROS and disruption of lysosomes. These processes may in term cause apoptosis or other forms 

of cellular death. 
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1.5.2 Storage of intracellular iron 

Intracellular iron has to be stored in nontoxic form to prevent formation of ROS, but at the 

same time has to be available for all cellular needs. The most abundant iron storage form 

constitutes the binding to ferritin (Figure 1.2) [88]. Ferritin is a ubiquitously expressed 

protein of 450 kDa consisting of 24 subunits which are both of the light (L, 19 kDa) and 

heavy type (H, 21 kDa) [89]. Up to 4500 iron atoms bound to oxygen can be stored within 

ferritin, which forms a shell around the iron. Ferritin production is regulated by iron 

content and hepatic ferritin amount correlates with body iron levels [90]. Under normal 

conditions, hepatocytes are the major iron – storing and ferritin – synthesizing cells [88]. 

The majority of this protein is located within the cell, but a small part of ferritin is 

glycosylated and secreted into the circulation [88]. Of note, serum ferritin constitutes a 

useful parameter to estimate the body iron stores. The serum ferritin binds iron, but does 

not significantly affect iron trafficking throughout the body. Extracellular ferritin is quickly 

removed from the plasma by the liver via binding to a specific ferritin receptor and 

subsequent endocytosis [91]. Although the majority of the ferritin is taken up by 

hepatocytes, hepatic stellate cells (HSC) are also able to take up ferritin [88]. 

Mitochondrial ferritin represents another iron – sequestering protein localizing to 

mitochondria [92]. Overexpression of mitochondrial ferritin leads to iron sequestration 

within mitochondria, decrease in cytosolic ferritin and an increase in TFR1 expression 

[92]. Another important iron storage complex is hemosiderin (see Figure 1.2). Once the 

liver becomes iron overloaded, ferritin molecules are proteolytically degraded and form 

hemosiderin aggregates which are able to store even more iron [89]. Iron is also found in 

iron – sulfur (Fe-S) proteins [2]. This general term describes a family of metalloproteins 

such as ferredoxins, NADH dehydrogenases, cytochrome c reductase, and nitrogenase, 

which all contain Fe–S clusters in their structure. Fe–S proteins are found in cytoplasm, 

mitochondria, endoplasmatic reticulum (ER) and nucleus and assist in many important 
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cellular functions such as catalysis, electron transport, DNA/RNA synthesis and repair, and 

iron as well as haem metabolism [2,3]. 

1.6 Iron toxicity via reactive oxygen species (ROS). Mechanism of oxidative liver 

fibrosis development 

Liver iron is usually stored in the form of ferritin within lysosomes and the cytoplasm as 

well as in the form of mitochondrial ferritin within mitochondria. In situation of iron 

overload, lysosomal iron is also stored in the form of hemosiderin [93,94,95,96]. Such an 

lysosomal iron accumulation is found in hemochromatosis patients [97] and these 

lysosomes are proins to generation of free iron which leads to oxidative stress and may 

result in apoptosis [96,98]. Free iron is an established transition metal which catalyses the 

formation of the highly reactive hydroxyl radicals (*OH) via Fenton and Haber – Weiss 

reactions [99,100].  

                     Fe 
H2O2 + O2 

*- → OH - + OH * + O2        Fenton and Haber – Weiss reaction 

This is why cellular organelles produce ROS as a consequence of unbalanced iron 

overload. To prevent cellular damage, the ROS have to be detoxified with enzymes such as 

superoxide dismutase, catalase, and glutathione peroxidases [96,101]. In this protective 

response, an overwhelming ROS lead to oxidative damage of cellular organelles and 

membranes causing a leakage of enzymes. It also results in oxidation of amino acids and in 

DNA strand breaks [70,100]. In particular, hydrogen peroxide in combination with 

lysosomal free iron leads to lysosomal membrane damage [95,102]. At the same time, iron 

overload results in mitochondrial dysfunction and inhibition of mitochondrial electron 

transport chain via peroxidation of cytochrome C oxidase and increase in mitochondrial 

DNA damage [102]. OH* groups react with polyunsaturated fatty acids and that leads to 

generation of lipid radicals as well as formation of peroxyl radicals in the presence of 

oxygen (Figure 1.3). 
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Figure 1.3. Potential mechanism of iron associated liver damage. Inappropriately low concentration of 

hepcidin leads to iron overload. The liver is the major iron storage organ and hepatocytes are able to store 

large quantities of iron in a chemically inert form. When this storage capacity is exceeded, unbound iron 

leads to ROS generation, lipid peroxidation, and subsequent activation of macrophages (both resident termed 

as Kupffer cells and monocytes recruited from blood stream). Macrophages in term stimulate activation of 

stellate cells via generation of proinflammatory cytokines. The active stellate cells start to produce collagen 

and thereby lead to development of liver fibrosis. 
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The iron induced ROS initiate a cascade of reactions with lipids which leads to generation 

of end – products such as Malondialdehyde (MDA) or 4-hydroxynonenal (HNE). The 

presence of MDA in tissues can be detected due to their reactivity with thiobarbituric acid 

(TBA) which results in formation of fluorescent product [102,103]. Moreover, end – 

products of lipid peroxidation may react with DNA thereby forming DNA adducts. Last 

but not least, protein carbonylation, oxidation of amino acids in proteins, inactivation of 

specific enzymes via oxidation of co – factors. The presence of oxidative stress does not 

only cause cellular damage, but also leads to inflammation with recruitment of resident 

macrophages (Kupffer cells) and blood stream macrophages (mononuclear cells) [93,104]. 

Activated macrophages produce various signalling molecules such as adhision molecules 

(intracellular adhesion molecule - ICAM), growth factors (hepatocytes growth factor – 

HGF), profibrogenetic stimuli (connective tissue growth factor – CTGF, platelet derived 

growth factor – PDGF), cytokines and chemokines (monocyte chemoattractant protein - 

MCP – 1, transforming growth factor beta TGFß) [105,106,107]. The messenger molecules 

induce activation of HSC which start producing expression of extracellular matrix (ECM) 

proteins such as collagen type I/III and fibronectin [108] and thereby lead to development 

of liver fibrosis [103]. 
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2 Aims of the study 

While there is a large body of evidence demonstrating that iron overload precipitates the 

development of human liver diseases, the underlying pathomechanisms remain 

incompletely understood. This is in particular due to the fact that there is a lack of animal 

models leading to development of liver damage as a consequence of chronic iron overload. 

To overcome this problem, was explored the usefulness of hepcidin knockout animals fed 

with iron-rich diet as such a model. 

Hepcidin knockout mice were chosen given that (i) hepcidin represents the key regulator of 

iron homeostasis; (ii) hepcidin expression is inappropriately low in multiple human 

conditions and (iii) mutations in hepcidin lead to particularly severe disease.  

By employing this model, there is a hope to gain further insight into the following basic 

questions of iron biology:  

• Is the lack of hepcidin in combination with iron-rich diet sufficient to precipitate 

the development of liver injury? 

• How is the iron storage and trafficking in the liver altered in situations of chronic 

iron overload? 

• What are the precise mechanisms of iron-overload induced tissue damage? 
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3 Material and methods 

3.1 Animal experiments 

To study the consequences of multivisceral iron overload, were used previously described 

hepcidin knockout (KO) mice on C57BL/6N background [54]. Genotyping was performed 

as previously described [109] with primers given in Table 2.1. To induce iron overload, 

hepcidin KO mice and their non-transgenic littermates were fed 3 % carbonyl iron - 

containing diet (Ssniff, D12450B including 3 % Iron carbonate, Sigma) starting at the age 

of 28 days. The diet was pre-mixed and ordered as pellets (Sniff). Mice fed standard diet 

(Ssniff, D12450B) were used as controls. Mice were sacrificed at indicated time-points by 

CO2-inhalation, blood was obtained by cardiac puncture for measurement of serum 

parameters and liver was rapidly removed and cut into pieces that were: 1) immediately 

fixed in 10 % formalin for histological/immunohistochemical (IHC) analysis, 2) snap-

frozen in liquid nitrogen for protein analysis, or 3) submerged into RNAlater stabilization 

reagent (Ambion) for mRNA analyses. The animal experiments were approved by the state 

of Baden-Württemberg in Germany and the University of Ulm animal care committee and 

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

3.2 Deoxyribonucleic acid (DNA) isolation 

DNA was isolated from mouse tail tips and genotyping has been performed using the 

DNeasy Blood and Tissue kit (Qiagen). Briefly, the tail tips were digested in a mixture of 

proteinase K and buffer ATL at 56°C over night. To ensure an optimal binding of DNA to 

the column, 200 µl buffer AL and then 200 µl 96 – 100 % ethanol (Sigma) were added, 

samples were thoroughly vortexed after each step and placed onto DNeasy Mini spin 

columns. During subsequent centrifugation, DNA selectively bound to the column and the 

flow-through was discarded. To wash the column, 500 µl of AW1 buffer and then 500 µl 

of AW2 was used, each step followed by a centrifugation. To remove the washing buffer 
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AW2 completely, the collection tube was replaced with fresh one after first centrifugation 

and columns were centrifuged once more at 20000 g for 1 minute. To elute DNA from this 

column, a low - salt elution buffer AE (provided in the kit) with basic pH was used. 

3.3 Mouse genotyping 

Hepcidin KO and their non-transgenic littermates were genotyped using polymerase chain 

reaction (PCR). To that end, were used previously described primers [54]- see table 2.1 for 

details. PCR reaction was carried out with the GoTaq Green Master Mix (Promega) which 

includes Taq DNA Polymerase, dNTPs, and the appropriate reaction buffers. 

Reaction mix: 

GoTaq Green Master Mix, 2x 25µl 

Primer, each 10µM   0.5µl 

DNA template    2.5µl 

Nuclease-free water    16.5µl 

The reaction mix was placed into PCR tubes and the reaction was started with an initial 

denaturation of DNA at 94°C for 4 minutes. After that, 40 PCR cycles were performed, 

such consisting of (i) a denaturation step at 94°C for 30 seconds; (ii) an annealing step at 

54°C (optimal primer melting temperature) for 30 seconds, these step enabled this primers 

to bind to single strand DNA; (iii) extention step performed at 72°C (optimal working 

temperature for Taq DNA Polymerase) for 30 seconds (extension time is dependent on 

DNA length and Polymerase, under normal conditions this time is about 10 second per 

100bp of DNA). To ensure that all single strands of the DNA fully extended, the final 

extension was performed at 72°C for 10 minutes and the DNA fragments were stored at 

4°C.



 24 

3.4 Agarose gel electrophoresis 

To estimate the size of DNA products, agarose gel electrophoresis was performed. This 

method allows separating the molecules based on their size. To that end, negatively 

charged DNA molecules move through agarose matrix due to an applied electric field. 

Shorter molecules move faster than longer and migrate further. After PCR amplification, 

9µl of the sample was mixed with 1 µl of 6 x DNA Loading Dye (Fermentas) and loaded 

on 1.5 % agarose gel (Biozym; this gel concentration was used to allow detection of this 

expected relatively small DNA fragments). For detection of DNA fragments, 0.0005 % 

ethidium bromide (Sigma) was added. This dye intercalates between two DNA strands and 

omits fluorescence under UV light. Electrophoresis was performed in TAE buffer at 130 V 

for 45 minutes. Gene Ruler 50 bp (Fermentas) was used to identify the DNA fragment size. 

3.5 Western Blot 

All procedures concerning protein isolation and latter application were performed on ice. 

To avoid the protein degradation, livers were homogenized in 3 % sodium dodecyl 

sulphate (SDS) homogenisation buffer (buffer described below). After homogenisation, the 

tissue lysates were centrifuged (14000 rpm, 1 minute) to remove non - solubilized debris. 

To ensure that samples reach sufficient density to sink to the bottom of the well, liver 

tissue homogenates were diluted 1 : 2 with 4 x loading buffer which contains glycerol. 

Protein concentration was determined using the Bio - Rad DC protein assay (Bio - Rad 

Laboratories). This colorimetric method is based on binding of the dye Coomassie Briliant 

Blue G – 250 to basic and aromatic amino acid residues which results in a shift in 

absorbance maximum from 465 to 595 nm. Equal amounts of protein were separated by  

10 % SDS-polyacrylamide gel electrophoresis (PAGE, see figure 2.1). Briefly, denaturated 

proteins bind to SDS to ensure relatively constant negative charge and are therefore 

separated based on their molecular weight. The gels consisted of stacking gel which has 

large pores and enable concentration of proteins in a thin zones and a resolving gels (10 % 
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gel was used in most gels), which leads to a separation of proteins based on their size. The 

electrophoresis was performed at 70 V for 30 minutes (migration thorough stacking gel) 

and after that at 110 V for 1 hour (migration through resolving gel) using Bio - Rad 

system. After the electrophoretical separation, the negatively charged proteins were 

transferred onto PVDF membrane (0.45 µm pore size, Millipore) using constant current of 

0.2 A for 80 minutes and a wet - blot apparatus (Bio - Rad). To reduce nonspecific binding 

to the membrane, PVDF membranes were blocked 1 hour at room temperature with 5 % 

Milk powder (Roth) dissolved in Tris Buffered Saline containing 0.1% Tween (TBST) 

buffer. To detect the proteins of interest, the membranes were incubated with primary 

antibody (diluted in blocking buffer) at + 4°C overnight. Afterwards, at least 5 washing 

steps (5 minutes each) with TBST buffer were performed to remove the unbound antibody 

before the membranes were incubated with secondary antibody (diluted in 5 % blocking 

buffer) for 1 hour at room temperature. After 5 TBST washes, these membranes were 

incubated with enhanced chemiluminescence reagent (GE Healthcare/Amersham 

Biosciences). This reagent containing substrate for horse radish peroxides (HRP) and the 

enzyme coupled to secondary antibodies. The reaction between HRP and this substrate 

leads to formation of hydrogen peroxide which oxidizes luminal and therefore leads to an 

emission of light. The antibodies (Abs) used were anti Hsp 60 (heat shock protein 60, 

Stressgen), cathepsin B (Santa Cruz), cytochrome C (Santa Cruz), FTH1 (ferritin heavy 

polypeptide 1, Cell Signaling), ß - tubulin (Sigma), HDAC2 (histone deacetilase 2, Cell 

Signaling), D237 (obtained from MB Omary, University of Michigan) [110], LC 3 (light 

chain 3, Novus Biological), p62 (Progen), and Hsc70 (constitutively expressed chaperone 

protein 70, Stressgen). 
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Figure 2.1. Schematic of protein detection by Western blotting. Using SDS - gel electrophoresis, proteins 

were separated based on their molecular weight. After that, proteins were transferred onto PVDF membrane 

(gray) and detected by a combination of protein specific primary (blue) and species – specific secondary 

(green) antibody. The secondary antibody was conjugated to an enzyme named horseradish – peroxidase 

(HRP). After addition of the substrates, HRP catalyzed the production of H2O2 which leads to luminal 

oxidation and subsequent light emission. 

3.6 Subcellular fractionation 

To better understand where the iron accumulated inside of the cell, subcellular 

fractionation was performed. This method allows separating nucleus, mitochondria, 

lysosomes, autophogosomes, and cytoplasm. Subcellular fractionation was performed as it 

was described previously by Wattiaux et al [111]. Briefly, the livers were harvested and 

washed twice with cool (4°C) phosphate buffered saline (PBS Dulbecco, Biochrom) to 

remove red blood cells. The livers were homogenized in 0.25 M sucrose (Sigma) using a 

teflon homogenizer (Mikro-Tissue homogenizer) with a ratio between buffer volume and 

liver weight of 7 : 1. To remove cell debris, the mixture was filtered through two layers of 

cheesecloth. The flow-trough was collected in tube and centrifuged at 4°C, 2000 g for        

5 minutes, and then supernatant was collected in separate tube and kept on ice as 

supernatant 1. To clear the nucleus fraction from the other fractions, pellet 1 was 

resuspended in ½ volume of 0.25 M sucrose (Sigma) and centrifuged at 4°C, 2000 g, 5 

minutes leading to a separation into supernatant 2 and pellet 2. Both supernatants were put 
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together for latter fractionation and pellet 2 was saved as nuclear fraction. To precipitate 

further cellular organelles, the supernatant was centrifuged at 17000 g for 12 minutes at 

4°C, after which the supernatant was saved as cytoplasm and the pellet 3 was used for 

isolation of the remaining cellular organelles. For this purpose, a Nycodenz gradient 

centrifugation was used (Figure 2.2), which allows separating cellular parts according to 

their size and weight (smaller cellular parts are found in lower density and bigger cellular 

parts in higher density fraction). To do so, the pellet 3 was mixed with 1.9 ml of sucrose 

and 2.8 ml of 85.6 % nycodenz (Progen) in water (pH = 7.2) and (see Figure 2.2) 

transferred to the bottom of an ultracentrifugation tube (Beckmann Coulter). The nycodenz 

gradient was prepared 2 hours in advance and stored at 4°C. The gradient centrifugation 

was performed on ultracentrifuge with SW41 rotor for 3 hours at 25000 rpm 4°C. 

Afterwards, the different layers were carefully collected. 

 

Figure 2.2. Schematic view of subcellular fractionation method based on Nycodenz density gradient. 

This method allows separation of organelles based on their size. For instance, smaller and lighter particles 

and found in the lower density layer and vice versa. 



 28 

3.7 Hydroxyproline assay 

To detect collagen amount in liver tissue samples hydroxyproline assay was performed. 

Hydroxyproline is an amino acid modification found almost exclusively in collagen and 

plays a key role in collagen stability. Hydroxyproline in liver samples was measured 

colorimetrically as described [112]. Briefly, liver tissues samples were weighted and 

homogenized in water. The lysates were hydrolysed in 6 N HCL at 110°C for 18 hours, 

then filtered to remove debris and evaporated by speed vacuum centrifugation. The pellets 

or 0.5 – 20 µg of trans-4-hydroxy-L-proline standards (Sigma) were dissolved in 50 µl of 

distilled water. The oxidation of the samples was performed via addition of 450 µl of       

56 mM chloramine –T trihydrate (Sigma) in acetate buffer (pH = 6.5) and incubation for 

25 minutes at RT. The detection of hydroxyproline is based on formation of the pyrrole - 

type chromophore with absorbance at wave length of 562nm. To form the compound,     

500 µl of Ehrlich solution was added and this mixture was incubated at 65°C for              

20 minutes. After incubation, the samples were measured at 562 nm. The results are 

presented as means ± standard deviation (SD). 

3.8 Serum enzymes concentrations and serum iron parameters 

The serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

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

clinical chemistry department. Data are shown as means ± SD. 

3.9 Tissue staining 

The harvested livers were fixed in 10 % buffered formalin at RT overnight, embedded in 

paraffin, sectioned (3 µm), and stained with Haematoxylin and Eosin (H&E), Perls’ 

Prussian Blue as well as Sirius Red staining or were used for immunohistochemistry 

(IHC).
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3.10 Perls’ Prussian Blue staining 

Formaldehyde fixed liver tissue sections were washed twice with xylol (VWR Prolabo)   

10 min each time to remove paraffin and then hydrated with a descending ethanol series 

(100 %; 96 %; 90 %; 80 % and 70 % - 2 minutes each). Afterwards, the slides were 

washed with deionized water 3 times for 5 minutes each. To produce blue iron complex 

liver slides were incubated 30 minutes in a mixture of 2 g of potassium 

hexacyanoferrate(II) trihydrate (Sigma) dissolved in distilled water and then mixed with 

2.7 % HCL in water for pH adjustment. As a next step, the slides were washed in deionized 

water and stained at RT for 5 minutes with 0.5 % Eosin G-solution (Merk) for visualisation 

of basic parts of the cell (for instance cytoplasm). After that, slides were washed with 

deionised water, dehydrated in a graded ethanol series (70 %; 80 %; 90 %; 96 % and       

100 % each 1 min) and incubated in xylol for 10 minutes. The slides were covered with 

glass coverslip using the Entellan medium (Merk). 

3.11 Picro-Sirius-Red (PSR) staining 

Picro-Sirius-Red (PSR) staining was used for visualization of the fibrotic matrix. Paraffin 

fixed liver tissues were deparaffinized with xylol and then hydrated with different 

concentrations of ethanol (100 %; 96 %; 90 %; 80 % and 70 %). Tissue was incubated in 

water for 5 min and placed into iron haematoxylin solution (Merk) for 10 minutes for 

visualisation of nuclei. After that, the slides were washed with tap water. A mixture of    

500 ml Picric acid solution 1.2 % (Chroma) and 0.5 g of Direct Red 80 (Sigma) was used 

to stain the fibrotic areas. The staining was performed for 1 hour at RT and samples were 

washed in deionized water afterwards. Subsequently, the probes were dehydrated via an 

ascending ethanol series and covered with glass coverslip. Fibrosis score of the livers was 

evaluated using an established Scheuer scoring system [113]. 
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3.12 Haematoxylin and Eosin staining (H&E) 

For overall histological assessment, H&E staining was used. The tissue was deparaffinized 

in xylol and hydrated with serial dilutions of ethanol (100 %; 96 %; 90 %; 80 % and 70 %). 

After that, probes were incubated in deionised water for 1 minute at RT. To visualise the 

nuclei, slides were incubated with haematoxylin solution (Dako) for 5 minutes. After 

removing the stain via washing with tap water for 5 minutes, samples were placed into   

0.5 % Eosin G-solution (see above) for 5 minutes (cytoplasm staining) and were washed 

with deionised water afterwards. Stained slides were dehydrated with serial dilutions of 

ethanol and xylol and covered with glass coverslip using Entellan medium (see above). 

3.13 Immunohistochemical staining 

Immunohistochemistry staining was performed with a mouse ABC Staining System 

(Vectastain ABC Kit, Vector Laboratories) as described previously [114]. To that end, 

deparrafinized, hydrated sections were boiled in Antigen Retrieval Solution (Vector 

Laboratories) and preincubated with 3 % hydrogen peroxide solution (H2O2) (Fischer) for 

10 minutes to remove endogenous peroxidase activity. To reduce unspecific background 

staining, slides were incubated with a blocking buffer containing bovine serum albumin 

(BSA, fraction V) (Serva). After exposure to BSA-containing buffer for 20 minutes, the 

slides were incubated with primary antibody D237 for 1 hour, washed 3 times with TBST, 

and incubated with biotinylated secondary antibody for 30 minutes (all at RT). For 

detection of the specific signal, a chromogenic reporter - AB enzyme reagent (Vector 

Laboratories) was used. To that end, the slides were incubated with AB enzymes reagent 

for 30 minutes and washed with TBST. This enzyme reacts with a substrate Vector Nova 

Red (Vector Laboratories, INC) to yield an intensively colour product that can be analyzed 

with a microscope. The slides were than dehydrated with graded ethanol series (70 %; 80 

%; 90 %; 96 % and 100 % each 1 minute) and incubated with xylol for 10 minutes. The 

slides were covered with glass coverslip using the Entellan medium (Merk). 
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3.14 DNA damage staining 

DNA damage staining was performed with “In situ Cell Death Detection Kit, POD” from 

Roche (TdT – mediated dUTP Nick End Labeling). Oxidative damage is known to cause 

single strand breaks and fragmentation of DNA. The terminal deoxynucleotidyl transferase 

(TdT) detects these nick ends and ligates fluorescein labelled nucleotides to the free        

3’- OH – ends of the DNA fragments. The fluorescein – nucleotide adducts are then 

recognized by an HRP – conjugated antibody and after addition of substrate visualised in 

light microscopy. 

The staining was performed on paraffin embedded liver sections. Sections were 

deparaffinized in xylol and hydrated with serial dilutions of ethanol (100 %; 96 %; 90 %; 

80 % and 70 %). Then, probes were incubated in deionised water for 1 minute at RT. After 

that, sections were washed in PBS for 30 minutes and put for 10 minutes into blocking 

solution containing 3 % hydrogen peroxide in methanol to inhibit the endogen peroxide. 

Subsequently, probes were shortly washed with PBS, incubated 2 minutes on ice with 

permeabilisation solution (0.1 % Triton X – 100 / 0.2 % sodium citrate) and another 

washing step with PBS was performed. One slide was used as a negative control and 

labelled with 50 µl of Label solution (supplemented in kit), the other slides were treated 

with mixture of 45 µl Label solution and 5 µl Enzyme solution (the enzyme terminal 

deoxynucleotidyl transferase (TdT) catalyzes the template – independent polymerization of 

deoxyribonucleotides to the 3”- end of single and double strand DNA) and incubated at   

37° C in a dark, humidified chamber for 1 hour. Slides were washed with PBS 3 times and 

then were incubated with 50 µl of Converter – POD (peroxidase) for 30 minutes at 37° C 

in a humidified chamber. After washing with PBS, tissue slides were treated with DAB 

solution as a POD substrate for several minutes, until the brown colour was detected under 

light microscope, washed with PBS and then rinsed shortly with 70 % ethanol to reduce 
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DAB (diaminobenzidine) staining. After that, slides were washed one more time with tap 

water and were covered with medium and coverslip. 

3.15 Electron microscopy staining (EM) 

EM was prepared using standard procedure described previously by Walther et al 2003 for 

visualisation of the cellular organelles and iron distribution in the cell [115]. Liver tissues 

with thickness of approximately 0.2 – 0.4 mm were placed in the cavity of supporting 

aluminium plate and surrounded by 1 – hexadecane upon application of a second covering 

plate. The prepared sample – sandwiches were immediately high pressure (> 2000 bar) 

frozen in liquid nitrogen using Balzers HPM 010 apparatus with in which they were stored 

until next step. To bring the samples to RT and make a chemical stabilisation of tissue a 

few soft rising temperature steps were performed: the samples were replaced for 12 hours 

into – 90° C with water - free acetone mixture (Acetone, 2 % of Osmiumtetroxid, 1 % of 

Uranylacetate and 1 % of Methanol and 5 % of water), then – 60° C for 6 hours and –    

30° C for 3 hours. After that, samples were brought to RT and infiltrated with epoxy resin 

(Epon). This preserves the tissue sample in a snapshot of its solution state. The image was 

created on FEI 300 kV "Titan" Raster-Transmissions Electron microscope using a beam of 

electrons. 

3.16 Determination of nonheme hepatic iron 

Hepatic iron content was measured as described previously [116]. Firstly, liver tissue were 

dried at 120°C for 24 hours and weighted. Subsequently, they were hydrolysed in 1 ml of 

100 mM citric acid (Calbiochem) at 60°C for 4 hours. To detect total iron, 500 µl of the 

samples were mixed well with 500 µl of 100 mM citric acid, 50 µl of L-ascorbic acid 

(Sigma) which can reduce the iron (III) to iron (II) and then iron (II) react with 100 µl of   

5 mM Bathophenanthrolinedisulfonic acid disodium salt (BPS, Sigma) which forms red 

colour complex with iron. The samples were mixed well and incubated for 30 minutes in 

the dark to develop the described red – compound iron - complex. The absorbance was 
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measured with a spectrophotometer at wavelength 535 nm. The data are presented as 

average ± SD.  

3.17 Determination of Non Transferrin Bound Iron (NTBI) 

To detect free iron NTBI measurement was performed. Determination of NTBI was done 

as described [117]. This method consist two steps: first – to produce the FeNTA (iron 

nitrilotriacetic acid) complex with NTBI and second – to detect the red iron complex with 

Bathophenanthrolinedisulfonic acid disodium salt hydrate (BPT) as described above. For 

formation of FeNTA complex, liver tissues were homogenized in water and mixed with 

800 mM NTA (mixture of nitrilotriacetic acid disodium salt (Sigma) and trisodium salt 

(Sigma), pH = 7) in ratio 1:9. To clear the FeNTA from cellular debris and protein mixture, 

the samples were ultrafiltered using Amicon Ultra 0.5 Centrifugal Filter Unit with Ultracel 

- 30 membrane (Millipore) with centrifugal force of 3000 g for 1 hour at 4°C. The filtrates 

were mixed in ratio 1 : 1 with 5 mM MOPS (Sigma) buffer (pH = 7.4). For red complex 

formation, 50 µl of 120 mM sodium thioglycolate (TGA) (Sigma) in deionised water and 

50 µl of 60 mM BPT (Sigma) in deionized water were added into solution and incubated 

for 30 minutes at room temperature. The complex was measured by spectrophotometer at 

535 nm. The data were presented as average ± SD. 

3.18 Ribonucleic acid (RNA) isolation 

To ensure optimal RNA quality, tissue samples were stored in RNAlater stabilization 

reagent (Ambion) and the RNA was isolated with a RNeasy mini kit (Qiagen). To that end, 

~20 mg of liver was homogenized in lysis buffer containing: 600 µl of RLT + 1 % ß - 

mercaptoethanol (Sigma). To remove cell debris, the lysate was filtered thought 

QIAshredder columns (Qiagen) at 14000 rpm for 3 minutes. The liquid was collected and 

mixed with 600 µl of 70 % ethanol to guarantee appropriate binding of RNA to the 

column. The complex was transferred onto RNeasy spin columns which bound RNA to 

their silica-based membrane. After discarding the flow-trough, columns were washed with 
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buffer RW1. To remove DNA contaminations, columns were incubated with a mixture of 

RDD buffer - DNase (RNase - Free DNase Set) in ratio 70 µl : 10 µl for 15 minutes at RT. 

After that, column was washed once with 350 µl of RW1 buffer and twice with 500 µl 

RPE buffer. To remove the RPE buffer completely, the column was placed onto a new 

collection tube after the last washing step and centrifuged once more at 14000 rpm for 1 

minute. At the end, RNA was eluated with 30 µl of RNase free water provided in the kit. 

To increase RNA yield, the elution step was performed twice. The concentration of RNA 

was determined by measuring the absorbance at 260nm in NanoDrop 1000 

spectrophotometer (Thermo Scientific). The purity of RNA was calculated as an 

absorbance ratio of 260 and 280nm.  

3.19 Reverse transcription 

Each 2 µg of isolated RNA was reverse transcribed using SuperScript II reverse 

transcriptase (Invitrogen). To that end, RNA was first mixed with 100 ng of random 

primers (Invitrogen), 0.5 mM of deoxynucleoside triphosphate (dNTP’s) (5Prime) and 

DEPC treated water (Pyrogen free, Invitrogen) was added up to 13 µl of total volume. The 

mixture was incubated at 65°C for 5 minutes for denaturation of secondary RNA structure 

and quickly placed on ice to let the primers anneal to the RNA. Then, 2 µl of 0.1 M DTT 

(Sigma), 4 µl of 5 x First - Strand buffer (provided in kit) and 200 units of reverse 

transcriptase-SuperScript were added. The transcription was performed at 42°C for          

50 minutes. Finally, to stop the reaction, the samples were heated to 70°C for 15 minutes. 

3.20 Quantitative real - time PCR (RT – PCR) 

Quantitative real – time PCR was performed with a Sequence Detection System (Applied 

Biosystems 7500 fast Real Time PCR system) using specific primers (Table 2.1) and DNA 

binding dye SYBR Green which binds to all double strand DNAs in PCR and emits 

fluorescent light. An increase of the DNA products during PCR leads to increase in 

intensity of fluorescence which is measured during each cycle of PCR and allows 
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quantification of the initial, target-gene specific, mRNA level. SYBR Green qPCR Master 

mix (Qiagen) which contains SYBR Green Dye, AmpliTag Gold Polymerase, and dNTPs 

with dUTP, was used for amplification and detection. The samples were pipetted into 

MicroAmp Fast Optical 96well Reaction Plate (Applied Biosystems) and were analyzed in 

duplicates. At least 4 individual mice were tested for each genotype. The mixtures were 

composed of 12.5 µl of SYBR Green Master Mix, 1 µl of 10 pM forward and reverse 

primers, 9 µl of DEPC treated water (Pyrogen free, Invitrogen) and 2.5 µl of cDNA 

(complementary deoxyribonucleic acid). The plate was sealed with MicroAmp Optical 

Adhesive Film (Applied Biosystems) to prevent evaporation of the samples. Samples were 

collected to the bottom of the plate via a centrifugation at 2000 g for 3 minutes and 

amplification of the product was done using following conditions: initial activation of the 

enzyme at 950C for 10 minutes; 45 amplification cycles each consisting of a denaturation 

step (950C for 15 seconds) and an combination of annealing and extention step (60°C for   

1 minute). L7 ribosomal protein (Table 2.1) was used as an internal control and cDNA 

levels were normalized so that L7 expression was equal in all tested mice. Data were 

analysed using Excel and Statistics programs. After confirming that the amplification 

efficiency was approximately equal for all genes, the transcript levels relative to L7 were 

determined and reported as means ± SD. 

3.21 Statistical analysis  

The results were expressed as average ± SD. The Kruskal Wallis test (nonparametric 

statistic for multiple comparisons) was used for multi-group comparisons. Differences 

were considered statistically significant at p < 0.05. 

3.22 Materials 

Antibodies 

For western blot (WB), all antibodies were diluted in 5% dry fat milk (milk powder, Roth) 

in TBST. Incubation with specific antibodies for WB occurred overnight at 4°C. 
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Secondary antibodies were diluted 1:10000 with 5 % dry fat milk in TBST. For 

immunostaining, incubations occurred with specific antibodies (diluted in 5 % BSA 

/TBST) for one hour at room temperature in dark chamber with humidified environment. 

Antibody Company Cat. No. Aplication 

Hsp 60 Stressgen, Ann Arbor, USA SPA-805 WB 

Cathepsin B Santa Cruz, Germany sc-13985 WB 

Cytochrome C Santa Cruz, Germany sc-13156 WB 

Hsc70 Stressgen, Germany SPA-819 WB 

FTH1 (ferritin) Cell Signaling, Germany 3998 WB 

Histone diacetylase 2 

(HDAC2) 
Cell Signaling, Germany 2570 WB 

LC3 Novus Biologicals, Germany NB100-2220 WB 

P62 Progen, Germany GP62-C WB 

ß-Tubulin Sigma, Germany T8328 WB 

D237 

Keratin 18 (Asp 237) 

obtained from MB Omary [110] 

55148A, AnnaSpec 
WB, IHC 
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Primers 

Primer pairs were designed as 19-21 mer and produced at Biomers. net GmbH, Germany. 

Table 2.1. PCR Primers (5’–3’) for Genotyping and Real-Time qRT-PCR 

Genotyping PCR 

Primer Forward Reverse 

musHepc1KO-Scr-F1* ggctgtagaggttctgctg 

musHepc1KO-Scr-F2* gctgaagaacgagatcagc 

musHepc1KO-Scr-R*  

aacagataccacactgggaa 

Real-time qRT-PCR 

Primer Forward Reverse 

musHamp ctgtctcctgcttctcctcct ggctgcagctctgtagtctgt 

musMCP1 cgg ctg gag cat cca cgt gt ctt tgg gac acc tgc tgc tgg t 

mus collagen1a1 tgaagaactggactgtcccaacc gggtccctcgactcctacatctt 

mus TGFß gcctgagtggctgtcttttga gctgaatcgaaagccctgtatt 

mus STEAP3 aactctgccctgattccaga atagcagtgccttcgtggac 

mus DMT1 catgctgacctctttcccag ctggccagaataggttccag 

mus L7 gaaaggcaaggaggaagctcatct aatctcagtgcggtacatctgcct 

* Genotyping of hepcidin knockout mice. 
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Kits 

Item Company 

0,5% Eosin G-solution Merck, Germany 

Antigen Retrieval Solution Vector Laboratories, INC., CA  

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

DNeasy Blood and Tissue Kit Qiagen, Germany 

ECL Western Blotting Detection Reagent 
GE-Healthcare, Amersham 

Biosc.,Munich 

Gene Ruler 50bp  Fermentas, Germany 

GoTaq Green Master Mix Promega, Germany 

Haematoxylin solution Dako, Germany 

In Situ Cell Death Detection Kit, POD Roche, Germany 

RNase-Free DNase Set Qiagen, Germany 

RNeasy Mini Kit Qiagen, Germany 

SuperScript II Reverse Transcriptase Invitrogen, Carlsbad 

SYBR Green PCR Master Mix Applied Biosystems, Germany 

Vectastain ABC Kit 
Vector Laboratories; Inc, 

Burlingame CA 

Vector Nova Red Vector Laboratories, INC., CA 

Weigerts Iron haematoxylin solution Merck, Germany 

 

Chemicals 

Item Company, ordering number 

Acetic acid 100% VWR Prolabo, 20104.298, Germany 

Acrylamide 30% Roth, 3029.1, Germany 
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Agarose 
Biozym, 840004, Germany, Lonza 

50004 

Albumin bovine factor V (BSA)  Serva, 11930, Germany 

Ammonium persulphate Sigma, A-3678, Germany 

Bathophenanthrolinedisulfonic acid 

disodium salt 
Sigma, 146617, Germany 

Bathophenanthrolinedisulfonic acid 

disodium salt hydrate (BPT) 
Sigma, B1375, Germany 

Bromphenol blue sodium salt Sigma, B5525, Germany 

Chloramine-T trihydrate Sigma, 31224, Germany 

Citric acid monohydrate Calbiochem, 231211, Germany 

Coomassie Briliant blue R250 Sigma, B0149, Germany 

Deoxynucleotides Set (dNTPs) 5Prime, 2900340, Germany 

Direct red 80 Sigma, 365548, Germany 

DL-Dithiothreitol (DTT) Sigma, D9163, Germany 

EDTA Roth, 8043.1, Germany 

Ehrlich’s solution Sigma, 03891, Germany 

Entellan Merk, 1.07961.0100, Germany 

Ethanol  Sigma, 32.205, Germany 

Ethidium bromide Sigma, E1510, Germany 

Glycerol Roth, 7530.1, Germany 

Hydrochloric acid (HCL) 35% VWR Prolabo, 20252.290, Germany 

Hydrogen peroxide (H2O2) solution 30% Fischer, 55760, Germany 

L-Ascorbic Acid Sigma, 5960, Germany 

Methanol Sigma, 32213, Germany 
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Milk Powder Roth, T145.2, Germany 

MOPS(3-(N-Morpholino)propanesulfonic 

acid, 4-Morpholinepropanesulfonic acid) 
Sigma, M1254, Germany 

Nitrilotriacetic acid disodium salt  Sigma, N0128, Germany 

Nitrilotriacetic acid trisodium salt  Sigma, N0253, Germany 

Nonidet P40 (NP-40) Roche, 11332473001, Germany 

Nycodenz Progen, 1002424, Germany 

PBS Dulbecco Biochrom, L182-50, Germany 

Phenylmethanesulfonylfluorid (PMSF) Sigma, P-7626, Germany 

Potassium chloride AppliChem, A2939, Germany 

Potassium Deoxycholate Sigma, D9750, Germany 

Potassium hexacianoferrate (II) trihydrate Sigma, P9387, Germany 

RNAlater Ambion, AM7024, US 

Sodium dodecyl sulphate (SDS) Roth, 2326,2, Germany 

Sodium thioglycolate (TGA) Sigma, T0632, Germany 

ß-Mercaptoethanol Sigma, M3148, Germany 

Sucrose Sigma, S-0389, Germany 

TEMED (1,2-Bis(dimethylamino)ethane) Sigma, T-7024, Germany 

Trans-4-hydroxy-L-proline standard Sigma, 54409, Germany 

Tris USB, 75825, Germany 

Tween 20 Roth, 9127.1, Germany 

Xylol VWR Prolabo, 28975.325, Germany 
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Other 

Item Company, ordering number 

AmiconUltra centrifuge tube Millipore, 42422, Germany 

MicroAmp Fast Optical 96well Reaction 

Plate 
Applied Biosystems, 4346906, Germany 

MicroAmp Optical Adhesive Film  Applied Biosystems, 4311971, Germany 

PVDF membrane Millipore, IPVH00010, Germany 

Random primers Invitrogen, 48190-011, Germany 

SuperFrost Plus microscope slides ThermoScientific, J1800AMNZ, Germany 

D12450B with 3% carbonyl iron Ssniff, Germany  

Ultracentrifuge tubes 
B2B/Beckmann Coulter, 344059, 

Germany 

Laboratory equipment 

Item Company 

7500 Fast Real-Time PCR System, with 

software Sequenction detection 

Software, Version 1.4 

AppliedBiosystems, Germany 

Block thermostate Biostep GmbH, Jahnsdorf, Germany 

Centrifuge 5417C Eppendorf , Germany 

Centrifuge 5417R Eppendorf, Germany 

Deep freezer Heraeus, Kendro Lab products, Germany 

DNAEngine Piltier Thermal Cycler Bio-Rad Lab, USA 

Gel electrophoresis equipment and 

accessories 
Bio-Rad Laboratories, USA 

Homogenisator VWR 432-5032, Germany 
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Ice machine AF200 Scotsman, Germany 

Microscope light 

Leica Mikrosysteme Vertrieb GmbH, with 

sofware ’’Leica application suite’’ 

Wetzlar, Germany 

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

NanoDrop 1000 Thermo Scientific, Schwerte, Germany 

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

Photometer Ultrospec 1100 pro GE Healthcare, München, Germany 

Pipet boy Hirschmann Lab equipment, Germany 

Pipets Eppendorf, Germany 

Power supply Bio-Rad Laboratories, USA 

Scale PM 4000 Mettler-Toledo GmbH, Giessen, Germany 

Sorvall Ultracentrifuge OTD 50B DuPONT, Germany 

Waterbath Laboratory technology, Germany 

 

General buffers 

TAE Buffer pH 8: 

40 mM Tris 

20 mM acetic acid 

1 mM EDTA 

Homogenisation buffer: 

SDS(Sodium dodecyl sulphate) 3 % 

Tris pH 7,8                50 mM 

Potassium chloride    150 mM 

Nonidet P 40             1 % 

Potassium deoxycholate   0.5 % 
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Spermidine      25 µg/ml 

0,1 % Coomassie brilliant blue buffer : 

Coomassie brilliant blue   1 g 

Methanol     500 ml 

Acetic acid     100 ml 

Distilled water    400 ml 

10 x TBS, pH=7,6: 

Tris       24.2 g 

NaCl       80 g 

Distilled water till    1000 ml 

1 x TBS: 

10xTBS     100 ml 

Distilled water     900 ml 

TBST: 

10x TBS     100 ml 

Distilled water    900 ml 

Tween 20      1 ml 

APS (Ammonium persulphate) 10 %: 

Ammonium persulphate    0.1 g 

Distilled water     1000 µl 

SDS (Sodium dodecyl sulphate)10 %: 

SDS      10 g 

Distilled water     100 ml 

Resolving gel buffer: 

Tris base                 181.71 g 

Distillate water        500 ml 
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pH to 8.8 (with HCL) 

Distilled water till     1 L 

Stacking gel buffer: 

Tris base              60.5 g 

Distillate water     600 ml 

pH to 6.8 (with HCl) 

Distilled water till     1 L 

4 x SDS Loading Buffer(Laemmli buffer): 

1M TrisCl(pH 6,8)       1.5 ml 

1M DTT                       3 ml 

SDS                              0.6 g 

Bromophenol blue        0.03 g 

100% Glycerol             3 ml 

10 x Gel Running Buffer: 

SDS                50 g 

Tris Base        150 g 

Glycine           720 g 

Distillate water     4 L 

Heat up at 70-80°C in a waterbath to dissolve the chemicals 

Add distillate water till    5 L 
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10 x Transfer Buffer: 

Tris base         30.48 g 

Glycine           72.1 g 

Add distillate water till 1L 

1 x Transfer Buffer: 

10xTransfer Buffer        100 ml 

Methanol                       200 ml 

Distillate water               700 ml  

10% SDS Resolving gel: 

H2O, ml 2.05 

Resolving gel buffer, ml 1.3 

30 % Acrylamide, ml 1.65 

10 % SDS, µl 50 

10 % APS, µl 25 

TEMED, µl 7.5 

Stacking gel: 

H2O, ml 1.5 

Stacking gel buffer, ml 0.65 

30 % Acrylamide, µl 375 

10 % SDS, µl 25 

10 % APS, µl 12.5 

TEMED, µl 2.5 
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4 Results 

4.1 Phenotypic analysis of Hepcidin 1 knockout mouse 

To study the mechanism of iron overload associated liver injury, hepcidin knockout mice 

were used, given that hepcidin represents the central regulator of iron metabolism and 

human hepcidin mutations leads to a particularly severe disease [15,16]. To that end, we 

used previously described hepcidin knockout mice generated by replacing exons 1, 2 and 

part of exon 3 with hygromycin resistance cassette using homologous recombination in 

Embryonic Stem cells (Figure 4.1.A) [54]. Hepcidin heterozygous mice were bred together 

in order to obtain hepcidin knockout animals and their non - transgenic littermates. The 

genotyping was done via PCR (Figure 4.1.B) and the lack of hepcidin expression was 

confirmed by RT – PCR (Figure 4.1.C) analysis. 
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Figure 4.1. Genotypic analysis of Hepcidin 1 knockout mouse. A) Schematic presentation of generation 

hepcidin 1 knockout mouse. The gene locus containing Usf2, Hepc 1, and Hepc 2 genes is shown on the top, 

the targeting construct in the middle and the resulting – targeting allele at the bottom. The genes are depicted 

as colour boxes and arrows highlight the direction of transcription; modified from Lesbordes-Brion et al, 

2006. B) Genotyping of transgenic mice via PCR. C) Determination of hepcidin transcript levels using real 

time RT – PCR. Results are expressed as mean ± SD (n = 5) p < 0.05. 
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4.2 Experimental iron overload model 

To further increase the iron accumulation in hepcidin knockout mice feeding of them iron-

rich (3 % iron carbonyl – containing diet) diet [118,119,120] was started at the age of 28 

days (Figure 4.2.). Control animals were fed standard chow containing approximately 0.02 

% of iron (Ssniff). To study the influence of iron overload on hepcidin level in hepcidin 

WT mice real time RT – PCR was performed (Figure 4.1.C). In six months old animals fed 

iron–rich diet, were observed significantly higher hepcidin transcript levels that in mice 

kept on control diet. Of note, the levels of hepcidin expression were negligible in hepcidin 

KOs regardless of the treatment regimen. 

 

Figure 4.2. Schematic view of the chronic iron overload model. 28 days old hepcidin knockout and wild 

type mice were placed on 3 % iron – carbonyl containing (latter like iron-rich) diet or standard chow for 5 

and 11 months after which they were sacrificed and analysed. At least 5 mice were used per each group. 
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4.3 6 months old hepcidin knockout mice on iron-rich diet display elevated 

transaminases levels 

Liver injury was assessed by measuring serum ALT, AST, and AP levels (Figure 4.3. 

A,B,C). In mice fed standard diet, serum ALT, AST, and AP levels remained within the 

normal range for both genotypes. After 5 months of iron-rich diet, serum ALT, AST, and 

AP activity were moderately, but significantly increased in Hepcidin KO mice but not WT 

animals (Figure 4.3. A,B,C). 

 

Figure 4.3. Hepcidin knockout mice display elevated transaminases levels after 6 months of iron-rich 

diet. ALT (A), AST (B), and AP (C) which were used as biochemical markers of liver injury display a 

moderate increase in hepcidin KO mice after 5 months of iron-rich diet. On the other hand, hepcidin KO 

mice kept on normal chow do not develop elevated transaminases. Results are shown as mean ± SD (n = 5). 

Double asterisk indicate results with p < 0.05. 
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4.4 Hepcidin knockout mice show elevated serum iron parameters 

As reported previously [54], 6 months old hepcidin KO mice kept on standard diet display 

higher serum ferritin levels, while no differences were observed in serum iron (Frigure 

4.4.). On the other hand serum ferritin levels were comparable in 6 months old WT mice 

kept on iron–rich diet and hepcidin KOs on standard chow, whereas hepcidin KO mice on 

iron – rich diet showed clearly the highest serum iron and ferritin levels. Furthermore, the 

hepatic NTBI levels were analysed, given that NTBI represents the most reactive iron sub–

pool. Among the mice on standard diet, hepcidin KO mice display significantly higher 

NTBI levels which were clearly higher than the levels seen in WT mice on iron–rich diet. 

Of note, feeding with iron–rich diet resulted in an approximately two fold increase of 

NTBI levels in hepcidin KO mice. 
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Figure 4.4. Hepcidin knockout mice show elevated serum iron parameters as well as hepatic NTBI 

levels. The graph summarizes findings obtained from 6 months old hepcidin WT and KO mice kept on 

normal and iron–rich diet. Note that serum iron (A) and ferritin (B) levels dramatically increased in hepcidin 

KO mice after treatment with iron-rich diet. C) Hepatic NTBI levels were significantly upregulated in 

hepcidin KO mice kept on normal diet and further increased in KOs fed iron-rich diet. Results are expressed 

as mean ± SD (n = 5) and double asterisk indicate results with p < 0.05. 
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4.5 Accelerated and ubiquitous iron accumulation in 6 months old hepcidin 

knockout mice fed iron–rich diet 

To reveal the iron distribution in hepcidin knockout mice, Prussian Blue staining was 

performed. Hepcidin WT mice kept on standard diet showed no obvious iron accumulation 

(figure 4.5.A). In contrast to that, hepcidin knockout mice on standard diet displayed a 

marked iron overload throughout the liver (Figure 4.5.B). Hepcidin WT mice on iron–rich 

diet developed prominent iron accumulation in the periportal area (Figure 4.5.C). The 

highest iron accumulation was detected in hepcidin KO mice fed iron-rich diet (figure 

4.5.D). These mice showed a fairly homogeneous iron distribution throughout the liver 

lobes, but in contrast to the other groups displayed often with rather fine iron staining big 

iron complexes. To determine the precise extent of iron accumulation total non – heme 

liver iron content was quantified (Figure 4.5.E). Hepcidin WT mice kept on standard diet 

harboured low amount of iron (level below 200 µg/mg tissue) comparable to the previously 

reported values [54]. On the other hand, hepcidin KO mice kept on standard diet displayed 

significantly increased iron content: 1444 ± 102 µg/mg (Figure 4.5.E) which was 

comparable to the amount of iron observed in WT animals on iron-rich diet: 1493 ± 136 

(Figure 4.5.E). The highest liver iron accumulation was seen in hepcidin KO mice on iron-

rich diet: 2543 ± 14 (figure 4.5.D,E). In summary, hepcidin KO mice displayed accelerated 

iron accumulation as well as altered iron distribution. 
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Figure 4.5. Accelerated and ubiquitous iron accumulation in hepcidin knockout mice. Hepcidin WT (A, 

C) and KO mice (B, D) were fed normal (A, B) or iron-rich diet (C, D) for 5 months. Scale bar 200 µm. E) 

Biochemical determination of non - heme liver iron content. Note, that hepcidin KO mice on iron-rich diet 

showed dramatic elevation of liver iron content. Results are expressed as mean ± SD (n = 5) and double 

asterisk highlights p < 0.05. Both, hepcidin KO mice on iron-rich and normal chow developed iron overload, 

but mice on iron-rich diet accumulated significantly more of iron in the liver. Furthermore, iron is distributed 

homogeneously throughout the liver in hepcidin KO mice and occasionally forms large complexes, while 

WT animals displayed fine and show primary periportal iron staining. 
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4.6 6 months old hepcidin knockout mice develop mild liver injury 

In order to characterize the liver injury in hepcidin KO and WT mice, was performed H&E 

staining (figure 4.6.A-D). On normal diet, hepcidin WT as well as hepcidin KO mice did 

not show any obvious pathologies in the liver (figure 4.6.A,B). After feeding with iron–

rich diet, hepcidin KO but not WT mice displayed a mild liver inflammation (Figure 

4.6.D), which was confirmed by morphometric analysis (Figure 4.6.E). 

 

Figure 4.6. Hepcidin knockout mice fed iron-rich diet develop mild liver injury. Representative mouse 

liver tissues from hepcidin WT mice (A, C) and hepcidin KO mice (B, D) were fed either normal chow (A, 

B) or iron-rich diet (C, D) for 5 months and were stained with H&E. Scale bar 200 µm. E) Morphometric 

analysis of liver inflammation. Results are shown as mean ± SD (n = 5) and asterisk highlights p < 0.05. 

Note, that hepcidin knockouts fed with iron–rich diet develop liver injury. 
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4.7 6 months old hepcidin knockout mice fed iron–rich diet display a mild chronic 

elevated expression of inflammatory cytokines 

To study the factors leading to liver inflammation in hepcidin KO animals, the expression 

levels of selected proinflammatory cytokines were analyzed by real time PCR. Compared 

to nontransgenic mice on control diet non – treated hepcidin KOs and WT mice on iron-

rich diet displayed diminished MCP1 levels, while KOs on iron-rich diet displayed 

significant increase in MCP1 production (Figure 4.7.). Similarly, TGFβ was unaltered in 

mice on control diet or in WT animals fed iron–rich food, but was significantly elevated in 

hepcidin KO mice on iron–rich diet. Therefore, it was concluded that hepcidin knockout 

mice showed production of inflammatory cytokines when fed iron–rich diet.  

 

Figure 4.7. Hepcidin knockout mice on iron-rich diet display elevated expression of inflammatory 

cytokines. Hepcidin KO mice on iron-rich diet showed significantly increased expression of Monocyte 

chemoatractant protein - MCP – 1 (A) and Transforming growth factor beta - TGFß (B) as determined by real 

time RT - PCR. Results are shown as mean ± SD (n = 5) and double asterisk highlights p < 0.05. 

 

4.8 Hepcidin knockout mice on iron–rich diet display elevated liver apoptosis 

The initial histologic evaluation suggested elevated amount of apoptotic hepatocytes in 

hepcidin KO mice on iron–rich diet which was supported by morphometric analysis 

(Figure 4.8.E). To further confirm these findings, was performed IHC staining with D237 

antibody (Figure 4.8.A-B), which recognizes the caspase – cleaved keratin 18 fragment 

[110]. Hepcidin KO mice fed iron-rich diet showed a marked increase in apoptotic level 
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(figure 4.8.D), while only minimal apoptosis was seen in the other groups (Figure 4.8. D). 

These findings were further substantiated by immunoblot analysis with the same antibody, 

which displayed clearly elevated apoptosis levels in hepcidin KO mice on iron–rich diet, 

while only moderately elevated apoptosis was seen in hepcidin KO mice on standard diet 

or WTs fed iron–rich chow (Figure 4.8.F). 

 

Figure 4.8. Iron-rich diet leads to activation of apoptosis in hepcidin knockout mice. 

Immunohistochemistry staining was carried out on liver tissues (A – D) with D237 antibody detecting a 

caspase – cleaved keratin 18 fragment. 6 months old hepcidin WT (A, C) and KO mice (B, D) fed normal 

chow (A, B) and iron-rich diet (C, D) were analyzed. Scale bar 200 µm. E) The extent of liver apoptosis was 

scored in H&E stained liver sections and results were presented as mean ± SD (n = 5 ) and asterisk highlights 

p < 0.05. Extent of apoptosis was determined by immunoblot analysis (F) using D237 antibody. Hsp 60 was 

used as a loading control. 
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4.9 6 months old hepcidin knockout mice fed iron–rich diet show signs of hepatic 

stellate cells activation, but no significant liver fibrosis 

To test, whether hepcidin KO mice with chronic iron overload develop liver fibrosis, Sirius 

red staining, hydroxyproline assay, and collagen real time PCR were performed (figure 

4.9.A-F). Using these methods, significant elevation of collagen expression in hepcidin 

knockout mice on iron - rich diet was detected (figure 4.9.F), thereby showing HSCs 

activation. However, 6 months old hepcidin KO mice fed iron–rich diet did not show a 

significant collagen deposition as confirmed by Sirius red staining and hydroxyproline 

assay (figure 4.9.A-E). 

 

Figure 4.9. 6 months old hepcidin knockout mice fed iron–rich diet show signs of stellate cells 

activation, but not significant liver fibrosis development. Sirius red staining of liver sections from 

hepcidin WT (A, C) and KO mice (B, D) fed with iron-rich (C, D) or kept on standard chow (A, B). Scale bar 

100 µm. Liver hydroxyproline content was measured in hepcidin KO and WT mice on both, iron-rich and 
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standard chow (E) and results were presented as mean ± SD (n = 5). Collagen mRNA level was determined 

using real time RT – PCR and data are shown as mean ± SD. Double asterisk highlights p < 0.05. 

 

4.10 12 months old, iron–rich diet fed hepcidin knockout mice develop moderate 

liver injury 

To study the effect of even more pronounced iron overload, mice were kept on iron–rich 

diet until the age of 12 months and serum ALT, AST and AP were measured (Figure 

4.10.A, B, C). In mice on normal diet as well as in WT animals on iron–rich diet, ALT, 

AST, and AP levels were not grossly elevated and did not show any obvious differences 

between the groups. On the other hand, all parameters were clearly elevated in hepcidin 

KO mice kept on iron-rich diet (Figure 4.10.A, B, C). Therefore, it was concluded that 

hepcidin KO mice on iron-rich diet showed significant signs of liver injury. 

 

Figure 4.10. 12 months old hepcidin knockout mice fed iron–rich diet develop obvious liver injury. 

Serum ALT (A), AST (B), and AP (C) levels were determinated in hepcidin WT and KO mice kept on 

normal or iron–rich diet. Note, that all parameters are significantly increased in hepcidin knockouts on iron–

rich diet. Results are presented as mean ± SD. Asterisk and double asterisk highlights p < 0.05 and p < 0.005, 

respectively.
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4.11 Hepcidin knockout mice develop progressive iron overload at 12 months 

To evaluate the mechanism of liver injury in these animals, selected parameters of iron 

metabolism were quantified. Serum iron levels in mice kept on standard diet as well as WT 

mice on iron–rich diet remained within the normal ranges with values below 100 µM/L. 

However, iron-rich diet led to dramatic increase in serum iron levels in hepcidin KO mice 

(Figure 4.11.A). Furthermore, hepcidin KO mice and their nontransgenic littermates kept 

on normal diet show comparable ferritin levels. On the other hand, when fed iron–rich diet, 

both genotypes developed significant increase of serum ferritin (figure 4.11.B) which was 

more pronounced in hepcidin KO mice. Moreover, measurement of liver NTBI showed a 

moderate increase in NTBI levels in hepcidin KO mice on normal as well as WT mice on 

iron–rich diet, while grossly elevated NTBI levels were seen in hepcidin KO mice on iron-

rich diet (figure 4.11.C). Taken together, hepcidin KO mice developed massive iron 

overload when fed with iron–rich diet over a long period of time. 
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Figure 4.11. 12 months old hepcidin knockout mice kept on iron–rich diet develop massive iron 

overload. Serum iron (A), serum ferritin (B), and liver NTBI (C) levels were measured in hepcidin WT and 

KO mice fed with iron-rich and standard chow. Hepcidin KO mice on iron-rich diet showed a dramatic 

increase in all iron parameters. Result are presented as mean ± SD, double asterisk highlights p < 0.05. 
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4.12 Hepcidin knockout mice show dramatic deposition of iron in liver 

To evaluate iron distribution in 12 months old animals, Prussian Blue staining was 

performed (figure 4.12.A,C). Liver section from hepcidin WT mice on standard diet did 

not show any obvious iron accumulation (figure 4.12.A) and the liver non – heme iron 

content remained below 500 µg/mg of tissue. In contrast to that, hepcidin KO mice fed 

standard diet showed iron accumulation equally distributed throughout the liver lobes 

(Figure 4.12.B). Both genotypes subjected to iron–rich diet accumulated a significant 

amount of iron in their livers. As noted previously, iron accumulation in WT mice was 

seen in the periportal area (Figure 4.12.C), while iron accumulation was found in the whole 

liver in hepcidin KO mice, where a presence of big iron complexes was also noted (figure 

4.12.D). Quantification of non – heme liver iron content revealed in all these experimental 

groups where iron leads being KO on iron–rich more than WT on iron–rich more than KO 

on control more than WT on control diet (Figure 4.12.E). Therefore, one can conclude that 

hepcidin KO mice on iron-rich diet displayed a dramatic iron accumulation in the liver. 
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Figure 4.12. 12 months old hepcidin knockout mice fed iron–rich diet show dramatic iron 

accumulation in the liver. Prussian blue staining was done on liver slides of hepcidin WT (A, C) and KO 

mice (B, D) fed normal chow (A, B) or iron-rich diet (C, D). Hepcidin KO mice fed iron-rich diet showed 

presence of large iron complexes in hepatocytes. Scale bar 200 µm. E) Biochemical determination of non – 

heme liver iron content. Of notes, hepcidin KO mice on iron-rich diet showed dramatic elevation of liver iron 

content. Results are expressed as mean ± SD (n = 5). Asterisk and double asterisk highlights p < 0.05 and p < 

0.005, respectively. 



 63 

4.13 12 months old hepcidin knockout mice kept on iron – rich diet develop 

significant liver fibrosis 

It was questioned, whether the chronic liver injury seen in hepcidin KO mice on iron–rich 

diet leads to development of liver fibrosis. The mRNA levels of several fibrogenic 

markers, including collagen 1 (figure 4.13.G) and TGFβ (data not shown) were 

significantly increased in hepcidin KO mice on iron-rich diet. Moreover, collagen 

deposition was markedly increased in hepcidin KO mice on iron-rich diet as shown by 

Sirius Red staining and confirmed by its morphometric quantification (Figure 4.13.A-E). 

Finally, hydroxyproline content, which is used as biochemical marker of collagen 

deposition, was enhanced in hepcidin KO mice kept on iron-rich diet when compared to 

WT mice on the same feeding regime (Figure 4.13.F). These data demonstrate that massive 

iron overload seen in hepcidin KO mice on iron–rich diet is sufficient to induce the 

development of liver fibrosis. 
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Figure 4.13. Hepcidin knockout mice develop significant liver fibrosis after feeding with iron - rich diet 

for 11 months. Sirius red staining was performed on liver slides of hepcidin WT (A, C) and KO (B, D) mice 

fed with control (A, B) and iron-rich diet (C, D). Scale bar 100 µm. Morphometric quantification of fibrosis 

deposits (E) seen in Sirius Red staining. Data are presented as mean ± SD (n = 5) and double asterisk 

highlights p < 0.05. Hydroxyproline content (F) was measured in livers of hepcidin KO and WT mice fed 

with iron–rich diet and shown as mean ± SD (n = 5). Double asterisk highlights p < 0.05. (G) The extent of 

collagen mRNA production was quantified using real time RT – PCR. Note that, hepcidin KO mice on iron-

rich diet show elevation of collagen mRNA production. Results are presented as mean ± SD (n = 5) and 

asterisk highlights p < 0.05. 
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4.14 Hepcidin knockout mice show accumulation of iron in cytoplasm, mitochondria 

and lysosomes 

To better understand the impact of the described observations on intracellular iron 

distribution, subcellular fractionation in 6 months old animals was performed (Figure 

4.14.). In mice fed control diet, iron was found mainly in cytoplasm, while lower levels 

were found in mitochondria, nucleus, and lysosomes and similar distribution was seen in 

WT mice on iron–rich diet. After iron-rich diet, the situation of iron deposition in the cell 

is changed. However, a profound change in distribution was seen in hepcidin KO mice 

subjected to iron–rich diet. These animals showed significant and dramatic increase of iron 

within lysosomes and smaller in mitochondria, but significant increase of iron content. 

Finally, a marked increase of iron in nuclear fraction was observed. However, given that 

no/minimal iron signal in the nucleus was observed in Prussian Blue staining, one can 

assume that the high nucleus levels are due to precipitation of iron during the fractionation 

process. 

 

Figure 4.14. 6 months old hepcidin knockout mice kept on iron–rich diet show accumulation of iron in 

cytoplasm, mitochondria, and lysosomes. Subcellular fractionation of hepcidin WT and KO mice livers 

obtained from animals fed normal or iron-rich diet with subsequent determination of subcellular iron content. 

The data are presented as mean ± SD (n = 3) and at least three mice were used per group and asterisk 
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highlights p < 0.05. Nuc – nuclear fraction; cyto – cytoplasm; mito – mitochondria; lyso – lysosomes; auto L 

– autophagosomal light fraction; auto H – autophagosomal heavy fraction. 

4.15 6 months old hepcidin knockout mice fed iron–rich diet display large iron–

containing complexes within lysosomes 

To better characterise the large iron complexes seen in hepcidin KO mice fed iron-rich 

diet, high resolution Electron Microscopy was performed (figure 4.15.A and C). Increased, 

distributed, presumably ferritin – bound iron signal was observed in hepcidin WT mice fed 

iron – rich diet (figure 4.15.C), while large intralysosomal iron – containing aggregates 

were seen in knockout mice on iron–rich chow (figure 4.15.A). The presence of hard metal 

was confirmed by subcellular fractionation. To further determine the composition of the 

aggregates, scanning electron microscopy (SEM) was performed, which revealed several 

peaks corresponding to iron complexes, which were seen in hepcidin KO, but not WT mice 

subjected to iron–rich diet. 
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Figure 4.15. 6 months old hepcidin knockout mice fed iron–rich diet display large intralysosomal iron 

containing complexes. Electron microscopy was obtained from high pressure frozen liver tissues derived 

from hepcidin WT (A) and KO mice (B) fed iron-rich diet. Hepcidin KO, but not WT mice accumulate large 

iron – containing complexes in their lysosomes. Scale bar 2µm. Electron spectrum from hepcidin KO (B) and 

WT mouse (D), with blue arrows showing iron. 
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4.16 Hepcidin knockout mice show downregulation of STEAP3 and DMT1 

To test, whether lysosomal iron accumulation in hepcidin KO mice is due to 

downregulation of genes responsible for iron transport, real time PCR from liver mRNA 

samples was performed. Hepcidin KO mice fed iron–rich diet for 5 months displayed 

downregulation of STEAP3 ferroreductase, which is responsible for iron reduction from 

FeIII to FeII and a diminished level of DMT1 – the known transporter of FeII from 

lysosomes to cytoplasm (figure 4.16 A,B). On the other hand, hepcidin WT mice fed 5 

months with iron–rich diet show normal STEAP3 and decreased DMT1 levels (figure 4.16 

A,B). The molecular action of both genes is summarized in figure 4.16.C-E. 
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Figure 4.16. Hepcidin knockout mice show downregulation of STEAP3 and DMT1. (A, B) Real time 

PCR from liver RNA samples detects diminished DMT1 and STEAP3 levels in hepcidin KO mice fed with 

iron–rich food for 5 months. (C-E) Schematics highlight the iron trafficking under basal conditions, as well 

as in situations of diminished STEAP3/DMT1 production, which both may contribute to lysosomal iron 

accumulation. 
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4.17 Hepcidin knockout mice display elevated ferritin 

To test whether iron accumulation in hepcidin KO is counterbalanced by increased storage 

capacities immunoblotting was performed which detects the amount of the iron storing 

protein ferritin in total liver lysate as well as lysate from nuclear fractions. Both hepcidin 

KO mice on normal diet and WT animals fed iron–rich diet displayed elevated ferritin 

levels, but these levels were significantly lower than the ones observed in hepcidin KO 

mice fed iron–rich diet (Figure 4.17). Similar results, i.e. higher ferritin levels in hepcidin 

KO vs. WT mice kept on iron–rich diet, were seen in the nuclear fraction.  

 

Figure 4.17. 6 months old hepcidin knockout mice show elevated ferritin levels. Ferritin immunoblot of 

total and nuclear protein extracts displayed elevated level of ferritin in hepcidin KO mice fed iron-rich diet. 

Hsp60 and HDAC2 were used as loading controls for total cell lysates and nuclear fractions, respectivetely. 
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4.18 Chronic iron overload leads to lysosomal damage in 6 months old hepcidin 

knockout mice fed iron – rich diet 

Hepcidin KO mice fed iron-rich diet displayed a marked increase in mitochondrial and 

lysosomal iron. To test the consequences of the iron accumulation in these organelles, it 

was analyzed whether this leads to the release of lysosomal or mitochondrial components 

into the cytoplasm (Figure 4.18.). Only minimal cytochrome C levels were detected in 

cytoplasm of iron–rich diet fed hepcidin KO and WT mice, suggesting no gross 

mitochondrial leakiness in these samples. On the other hand, cytoplasmatic levels were 

significantly elevated in hepcidin KO mice fed iron–rich diet pointing to a lysosomal 

damage in these animals. 

 

Figure 4.18. Chronic iron overload leads to lysosomal damage in 6 months old hepcidin knockout mice 

fed iron–rich diet. Liver cytoplasmatic extracts were subjected to antibody against Cathepsin B (top), 

Cytochrome C (middle), and Hsc 70 (bottom), which was used as a loading control. Note the occurrence of 

Cathepsin B in cytoplasm of iron–rich diet hepcidin KO mice pointing towards a lysosomal damage.



 72 

4.19 Hepcidin knockouts fed with iron–rich diet for 5 months show an altered 

autophagy activation 

Hepcidin KO mice fed iron – rich diet displayed a marked iron accumulation within 

lysosomes. To test, whether lysosomal iron accumulation affects the process of autophagy 

immunoblot analysis was performed on total liver lysates (figure 4.19 - top). Only hepcidin 

KO mice fed iron–rich diet showed increased LC3 II levels which point either to increased 

autophagic flux or an insufficient LC3 II clearance. The elevated p62 levels suggest that 

the not efficient autophagic response probably occurs in these animals (Figure 4.19 - 

bottom). 

 

Figure 4.19. Hepcidin knockouts fed iron–rich diet for 6 months display an altered autophagic process. 

Liver total extracts were subjected to antibody against LC3 II (top), p 62 (bottom), and B-tubulin which was 

used as a loading control. Note the higher LC3 II and p62 levels, which suggest an activated, but not efficient 

autophagic response in hepcidin KO mice fed iron–rich diet. 
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4.20 Hepcidin knockout mice display an elevated oxidative DNA damage 

Finally, it was of interest whether iron accumulation seen in hepcidin KO mice on iron–

rich diet leads to oxidative DNA damage. Therefore, histological staining for DNA damage 

was performed, which was clearly present in hepcidin KO mice kept on iron–rich diet 

(Figure 4.20.A-D), while their nontransgenic littermates did not show oxidative DNA 

damage. These data demonstrate that massive iron overload seen in hepcidin KO mice on 

iron–rich diet is sufficient to induce oxidative DNA damage. 

 

Figure 4.20. Hepcidin knockout mice display signs of oxidative DNA damage. Staining of liver tissues (A 

– D) with ‘In situ Cell Death Detection Kit, POD’ was performed to detect the signs of oxidative DNA 

damage. 6 months old hepcidin WT (A,C) and KO mice (B,D) fed normal diet (A,B) and iron–rich chow 

(C,D) were analyzed. Note the presence of oxidative DNA damage in hepcidin KO mice kept on iron–rich 

diet. Scale bar 50 µm. 
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5 Discussion 

In this study, hepcidin knockout mice were evaluated as a model of iron-overload 

associated liver injury. As was also reported previously [54], hepcidin knockout mice 

developed a spontaneous liver iron overload, which was even more pronounced when they 

were fed with iron–rich diet. In the latter group, a hepatic iron-content of approximately   

45 µmol/g tissue was observed, which lies well above concentration found in most dietary-

induced models of iron-overload. For example, values up to 30 µmol/g were seen in 

TfR2/HFE double knockout mice, hemojuvelin KO, BMP6-KO or HFE knockout mice 

while the HFE C282Y knock-in animals, which represent the animal counterpart of the 

most common hemochromatosis form, displayed even lower hepatic iron contents 

[121,122,123]. The high amount of iron accumulation in hepcidin knockout animals is 

even more remarkable given that C57BL/6 animals represent a strain which is relatively 

resistant to iron-overload [119]. On the other hand, comparable or even higher hepatic iron 

levels were reported in animals fed with ferrocene or receiving intraperitoneal 

supplementation with iron dextran or ferric ammonium citrate. However, these models are 

of limited value since they are achieved by non-physiological iron uptake mechanisms and 

do not mimic the chronic, slow increase of iron levels seen in hemochromatosis subjects 

[124,125,126,127,128,129]. 

Despite the massive iron overload observed in hepcidin knockout mice, the iron 

accumulation is comparable or even lower than the one observed in human HH subjects 

[130,131]. For example, HH patients can accumulate more than 1 mmol iron/g liver tissue 

[132,133], while in healthy subjects hepatic iron content ranges from 10 to 36 µmol/L 

[132,134,135]. Although the association between iron overload and liver disease 

development is imperfect, Adams et al showed that HH subject with hepatic iron content 

more than 1 mmol/g are at high risk for development of liver cirrhosis [136]. 
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As a marker of systemic iron overload, hepcidin knockout mice fed with iron–rich diet 

displayed not only elevated hepatic iron content but also highly increased serum ferritin 

levels of approximately 5000 µg/L. Serum ferritin levels observed in hepcidin knockout 

mice are comparable with data seen in untreated HH patients [137]. Measurement of serum 

ferritin in HFE patients is of clinical importance since HH patients with serum ferritin       

< 1000µg/L are unlikely to display advanced liver fibrosis while ferritin values                  

> 1000µg/L confer more than threefold higher risk for development of advanced fibrosis 

[137,138,139,140,141,142]. 

In addition, hepcidin knockouts fed iron–rich diet showed increased levels of hepatic iron 

and serum NTBI, i.e. approximately 1.2 µmol/mg and 10 µmol/L respectively. Therefore, 

observed NTBI values in this study are similar to the serum levels seen in HH subjects 

(mean serum NTBI = 11.9 µmol/L) [143]. On the other hand, values observed in hepcidin 

knockout mice fed iron–rich diet are higher than values seen in other animal models of iron 

overload, such as HFE KO, TFR2 KO and HFE-/-/TFR2mut [144]. For example, HFE/TFR2 

double knockout mice displayed serum NTBI level of approximately 9 µM, while HFE and 

TFR2 knockout mice showed even lower serum NTBI of approximately 3-4 µM [144]. 

These differences might be particularly important since NTBIs represent the primary toxic 

iron species [82] and their levels correlate with the extent of liver damage. For instance, 

McNamara et al 1999 showed that HH patients with NTBI > 2 µmol/L displayed an 

inflammatory liver disease [145]. In conclusion, the particularly high extent of iron 

accumulation in hepcidin knockout mice which is evidenced by high NTBIs, ferritin, and 

liver iron levels likely contributes to the development of liver injury in hepcidin knockout 

mouse model as it has been observed in HH subjects [144,145]. 

With respect to the histological signs of liver injury, hepcidin KO mice fed with iron–rich, 

but not normal diet displayed mild liver inflammation, which was also observed in  HFE-/-

/TFR2mut mice [144]. On the other hand, no apparent inflammation was seen in HFE KO 
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mice and TFR2mut mice fed iron-rich diet [144]. Interestingly, both mouse lines showed a 

predominantly mononuclear infiltration, which is reminiscent of HH subjects, who present 

with a similar picture and in whom the presence of inflammation associates with liver 

fibrosis development [146,147]. While the exact reasons for the predominance of 

mononuclear infiltration in iron overload syndromes remain unknown, it is well in line 

with the important role of macrophages in iron metabolism [101,148,149]. 

In terms of liver injury, moderately increased liver injury marker ALT (of approximately 

361 u/L) was observed in hepcidin KO mice fed iron-rich diet and this level was well 

above those reported in comparable animal models, such as HFE KO, TFR2 KO and HFE-

/-/TFR2mut mice [144] or in HH subjects [150,151]. Other liver injury markers such as AST 

and AP were also higher in hepcidin KOs fed iron-rich diet (the value of approximately 

734 u/L and 362 u/L respectively) compared to HH subjects [151,152]. However, this is 

not surprising since it has been shown previously that mice often require a more active 

disease to develop significant liver alterations within their relatively short life span. 

In hepcidin KO mice fed iron-rich diet, elevated apoptosis levels were observed (assessed 

by D237 tissue labeling and histological scoring). It has been shown previously that 

elevated apoptosis levels can lead to the development of chronic injury and even to liver 

fibrosis [153] and increased apoptosis was observed in other animal models of iron 

overload [153,154]. Furthermore, increased hepatic apoptosis is seen in HH subjects 

[155,156]. Of note, a direct correlation between liver iron amount and the extent of 

apoptosis was evident both in hepcidin knockout mice and in HH subjects ([155] and data 

not shown). Moreover, the patterns of apoptosis and iron depositions overlap which further 

strengthens the mechanistic link between both processes [155].  

In addition to liver inflammation and hepatocellular apoptosis, hepcidin KO mice as well 

as HFE-/-/TFR2mut mice showed liver fibrosis development [144]. However, both animal 

models displayed a chicken-wire type of fibrosis (perivenular and pericellular fibrosis) 
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which is characteristic for humans with alcoholic or non-alcoholic steatohepatitis but rarely 

occurs in HH [144,155,157]. The reason for this type of fibrosis might be the fact that 

hepcidin knockout mice (unlike humans) exhibit an ubiquitous iron overload with an 

ubiquitous liver injury while the iron accumulation and liver injury is observed 

predominantly in periportal area in humans [50,155]. Moreover, the higher activity of liver 

disease in mice versus humans might be responsible for this observation. 

Given that the association between the extent of iron overload and development of liver 

injury is imperfect, one can hypothesize that an improper iron distribution affects the 

development of liver disease. In this respect, marked iron overload was detected in 

lysosomes of hepcidin KO mice fed iron-rich diet compared to all other treatment groups. 

Obviously, a loss of hepcidin alone was not sufficient to induce this accumulation, 

therefore, it was concluded that it is a consequence of an extreme iron overload rather than 

a genetic defect per se. What might be the mechanisms underlying this observation? In 

hepatocytes, transferrin receptor 1 represents the major way of intracellular iron uptake and 

after endocytosis of the iron-receptor complex, it brings iron into lysosomes [91,158]. 

After release from the transferrin complex, iron is reduced via STEAP3 in order to be 

exported to cytoplasm via DMT1 [91]. While the TfR1 levels did not change (data not 

shown) in hepcidin knockout mice, both STEAP3 and DMT1 levels were lower in hepcidin 

KO mice fed iron-rich diet suggesting that a disturbed processing and release of iron might 

be responsible for the observed overload. Additional studies are needed to find out whether 

the release of iron from transferrin complex, which represents a highly regulated process 

requiring acidification of lysosomes among others might also be affected [91]. Finally, iron 

is taken up from cytoplasm into lysosomes to remove redox-active iron [159]. In this 

respect, signs of elevated autophagy which likely contribute to the intralysosomal iron 

burden were found [160]. 
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The lysosomal iron overload observed in hepcidin knockout mice is well in line with other 

animal models such as the feeding with ferrocene or iron carbonyl which also displayed 

lysosomal iron accumulation [159,161,162]. Furthermore, lysosomal iron overload of 

hepatocytes is commonly seen in HH patients [163,164]. Consequently, Peters and 

colleagues proposed that iron overload due to either primary HH or transfusional siderosis 

represents a form of acquired lysosomal storage disease [165]. 

On the other hand, hepcidin knockout mice fed iron–rich diet showed only minor changes 

in mitochondrial and cytoplasmatic iron content and similarly, mitochondrial iron 

accumulation is uncommon in HH [95] as well as in animals fed with ferrocene or iron-

carbonyl containing diet [159,162]. These findings are not surprising since mitochondrial 

iron trafficking seems to be controlled independently on systemic iron levels and 

mitochondrial iron overload develops primarily due to defect in genes responsible for heme 

biosynthesis, iron-sulfur clusters biogenesis or mitochondrial iron transport [2,166,167]. 

Several mechanisms may account for the steady hepatic iron levels in cytoplasm. For 

example, ferroportin constitutes a potent cytoplasmatic iron exporter which is expressed in 

hepatocytes and becomes increasingly active in the absence of hepcidin [23]. Autophagy 

process may also counteract the iron accumulation in cytoplasm [160,168] and this study 

indicated that hepcidin knockout mice displayed signs of activated autophagy (i.e. LC3 II 

activation and p62 accumulation). 

Besides the lysosomal iron overload, hepcidin KO mice also displayed lysosomal damage 

as evidenced by the release of cathepsin B into the cytoplasm as well as intralysosomal 

accumulation of indigestible autofluorescent material (data not shown). Similar events 

were shown in ferrocene and iron-carbonyl fed animals [159,162] as well as in HH patients 

[95]. These findings are not surprising, since lysosomes often contain iron in the form of 

the reactive Fe (II), which can catalyze the Fenton reaction and thereby lead to hydroxyl 

radical formation [160]. These hydroxyl radicals may then attack biomolecules and 
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interfere with their proper degradation [98]. The pronounced oxidative injury present in 

iron-overloaded lysosomes may in turn cause lysosomal membrane damage and release of 

cathepsins [160]. It has been shown previously that cathepsin release into cytoplasm can 

activate caspases and may therefore account for the increased apoptosis levels observed in 

hepcidin knockout mice [169,170].  

In summary, these data suggest that hepcidin knockout mice develop chronic liver injury 

and liver fibrosis as a consequence of lysosomal iron overload and consequent lysosomal 

damage. In this respect, several other studies as well as human data showed that lysosomal 

damage plays an important role in development of chronic liver disease. To that end, 

Canbay et al reported that inactivation of cathepsin B reduced hepatic inflammation and 

fibrogenesis in an experimental model of cholestatic liver disease [171]. Further studies are 

needed to find out whether the described liver phenotype is due to hepatocellular 

cathepsins or whether the cathepsin expression in stellate cells, which has been shown to 

increase during hepatic injury, plays the pivotal role in this process [172]. 

Another evidence, that lysosomal injury directly contributes to development of liver 

disease comes from lysosomal storage disorders. They constitute a group of approximately 

50 rare inherited metabolic disorders leading to lysosomal dysfunction and are typically 

caused by mutations in a single lysosomal enzyme such as alpha- and betta-galactosidases, 

alpha- glucosidase and aspartylglucosaminidase [173]. Lysosomal storage diseases 

typically lead to neurological abnormalities, developmental delay, but also to enlarged 

livers, pulmonary and cardiac as well as kidney, and skeletal phenotype [173]. Among 

them, Niemann-Pick type C disease represents a best characterized lysosomal storage 

disorder resulting in a marked liver phenotype [173]. It is caused by mutations in NPC1 or 

NPC2, which participate in trafficking of proteins from lysosomes [174] and leads to 

accumulation of several molecules such as cholesterol, glycosphingolipids, and 

sphingosine within lysosomes [174]. Interestingly, similar to the hepcidin knockout mice, 
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an increased activation of the innate immune system represents the major feature of liver 

phenotype while elevated apoptosis and oxidative stress are observed later on 

[175,176,177]. 

In conclusion, hepcidin knockout mice constitute a convenient model of human iron 

overload-associated liver disease and further support the importance of lysosomes in this 

process. This is well in line with human observations, which detected obvious lysosomal 

alterations in close proximity to the fibrotic lesions in HH subjects while there are no or 

only minimal mitochondrial abnormalities [163,178]. On the other hand, further studies are 

needed to delineate the precise relationship between the lysosomal iron overload and 

lysosomal dysfunction on one side and the hepatocellular apoptosis, hepatic inflammation, 

and liver fibrosis development on the other. In fact, there may not be only a single 

mechanism going on but rather a myriad of processes contributing to the observed 

phenotype. For example, leakage of lysosomal enzymes into the cytoplasm may lead to 

hepatocellular apoptosis [160] and the subsequent engulfment of apoptotic bodies may 

result both, in macrophage activation and a direct activation of hepatic stellate cells [156]. 

Furthermore, hepatocellular iron overload can also stimulate stellate cells in a paracrine 

way [179]. While the current evidence indicates that loss of hepcidin results in a 

diminished macrophage iron content, further studies are on the way to determine the 

macrophage and hepatic stellate cell iron content in hepcidin knockout mice fed iron-rich 

diet. These studies will clarify whether the observed liver phenotype is a sole consequence 

of hepatocellular iron overload or whether loss of hepcidin may also induce iron overload 

in other cell types. Last but not least, elevated serum iron may also contribute to the 

observed phenotype via activation of endothelial cells [180]. 
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6 Summary 

Hepcidin is the central regulatory hormone of iron metabolism. Disrupted hepcidin 

signalling is seen in multiple genetic disorders termed as hereditary hemochromatosis 

(HH) where it leads to hepatic iron overload. Acquired iron overload is observed in several 

chronic diseases such as hepatitis C or alcoholic liver disease and seems to promote disease 

progression. While the association between iron overload and development of end−stage 

liver disease is well established, the precise underlying mechanisms remain to be defined. 

Although there is a number of animal models that mimic the genetic defects found in 

humans, none of them replicates the iron overload-associated liver disease. To develop 

such a model, we analyzed hepcidin knockout (KO) and wild type (WT) mice were fed 

with iron-rich diet for 5 or 11 months and compared them to age matched mice kept on 

standard chow. Harvested livers and serum samples were used for evaluation of liver injury 

and fibrosis. To determine the iron localization, a subcellular fractionation and electron 

microscopy was performed. 

Hepcidin KOs kept on standard diet developed spontaneous hepatic iron overload, which 

was even more pronounced in KOs fed iron-rich chow (KO:2543±114 vs. WT: 1493±136 

p< 0,005) who reached levels similar to the ones observed in HH patients. Elevated serum 

liver enzymes (AST: KO 261±15, WT 142±34 p< 0,05), serum iron levels, mild 

hepatocellular inflammation (predominantly mononuclear infiltration) and apoptosis were 

observed in hepcidin KOs fed iron-rich diet. After 11 months of iron-rich chow, hepcidin 

KOs developed moderate liver fibrosis as demonstrated via Sirius red staining and 

increased hydroxyproline levels. The liver injury was accompanied by a marked lysosomal 

iron overload and lysosomal fragility with release of cathepsins (e.g. Cathepsin B) into the 

cytoplasm. No major differences were seen in mitochondrial morphology or injury 

markers. As a potential mechanism leading to lysosomal iron overload, the expression of 



 82 

DMT1 and STEAP3, i.e. the molecules needed for lysosomal iron export, was greatly 

reduced. Increased LC3-II and p62 levels pointed towards an activated autophagy which 

likely contributes to the lysosomal iron overload. On the other hand, large indigestible iron 

complexes were found in hepcidin knockout mice fed iron-rich diet thereby suggesting a 

defect in protein degradation as it is observed in lysosomal storage diseases. 

In conclusion, hepcidin KO mice represent an attractive animal model which mimics both 

iron overload and associated liver injury observed in humans with HH. Therefore hepcidin 

knockout mice constitute an important tool to study the mechanism of iron 

overload−related liver diseases and implicate lysosomal injury as a crucial event in iron 

hepatotoxicity. 
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