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Summary 

Chronic liver damage is frequently associated with hepatic iron overload, which represents a 

risk factor for progression of liver disease to cirrhosis or even hepatocellular carcinoma 

(HCC). Such a liver iron accumulation is most common in patients with alcoholic liver disease 

(ALD), non-alcoholic fatty liver disease (NAFLD) and chronic hepatitis C (CHC) and develops 

because of a diminished production of hepcidin, the central regulator of iron metabolism, 

which is synthetized predominantly in the liver. The mechanisms underlying the decreased 

hepcidin production in chronic liver disease and the reasons for the variability among patients 

with the same disease remain largely unknown, although impairment in CCAAT/enhancer-

binding protein alpha (C/EBPα) signaling due to oxidative stress was suggested to play an 

important role. To examine the process of iron accumulation during chronic liver diseases, I 

analyzed two well-established mouse liver fibrosis models, i.e. application of thioacetamide 

(TAA) or carbon tetrachloride (CCl4). As expected, both models led to development of mod-

erate liver fibrosis and to a prominent iron accumulation in macrophages. Additionally, TAA, 

but not CCl4 led to a significant hepatic and systemic iron overload, which was due to a 

markedly reduced hepcidin expression in the TAA model. As a potential mechanism, chronic 

TAA, but not CCl4 administration resulted in a profound impairment of C/EBPα DNA-binding 

ability. While both models displayed lower C/EBPα levels, TAA also exhibited a pronounced 

up-regulation of CCAAT/enhancer-binding protein (C/EBP)-homologous protein (CHOP), 

which presents a C/EBPα inhibitor. On the other hand, TAA did not induce dramatic changes 

in the BMP/SMAD pathway and IL-6/STAT3 signaling, which regulate hepcidin in response to 

iron supply and inflammation. A single TAA injection resulted in a long-lasting (>6 days) sup-

pression of hepcidin levels with a minimum after two days. At this time point, a decreased 

C/EBPα expression as well as a marked up-regulation of CHOP was also observed. Of note, 

CHOP knockout mice (compared to non-transgenic littermates) displayed diminished TAA-

mediated hepcidin suppression in response to acute TAA administration and no increase in 

hepatic iron accumulation after chronic TAA treatment. The importance of CHOP translates 

to human subjects, given that CHOP levels are fivefold elevated in ALD subjects and nega-

tively correlate with hepcidin mRNA levels. My results established CHOP as an important 

regulator of hepatic hepcidin expression, leading to liver iron accumulation in chronic liver 

diseases. The differences in iron metabolism between the two widely used fibrosis models 

likely reflect the differential regulation of hepcidin expression in human liver diseases. In con-

clusion, TAA administration represents a unique model of liver injury-associated iron over-

load, which will become useful to understand the human situation.  
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Zusammenfassung 

Eine chronische Leberschädigung ist häufig mit einer sekundären Eisenüberladung der Le-

ber assoziiert. Diese Eisenüberladung stellt ein Risiko für die Progression der Lebererkran-

kung zu Leberzirrhose oder einem Leberzellkarzinom (HCC) dar. Eine solche Eisenakkumu-

lation in der Leber wird immer wieder bei Patienten mit alkoholischer Lebererkrankung 

(ALD), nicht-alkoholischer Fettleber (NASH) sowie chronischer Hepatitis C (CHC) beobach-

tet. Chronische Lebererkrankungen führen oft zu einer systemischen Eisenüberladung, ver-

ursacht durch eine verminderte Expression des Eisen-regulatorischen Hormons Hepcidin, 

dessen hauptsächlicher Bildungsort die Leber ist. Die Pathomechanismen der Eisenüberla-

dung sowie der verringerten Hepcidinproduktion und die Gründe für die Variabilität unter den 

Patienten mit der gleichen Krankheit sind allerdings noch weitgehend unbekannt. Eine Ver-

minderung des DNA-Bindungsvermögens von CCAAT/enhancer-binding protein alpha 

(C/EBPα) durch oxidativen Stress soll jedoch eine wichtige Rolle spielen. Um den Prozess 

der Eisenakkumulation bei chronischen Lebererkrankungen zu untersuchen, verwendete ich 

zwei etablierte Mausmodelle der Leberfibrose, d.h. die Anwendung von Thioacetamid (TAA) 

oder Tetrachlorkohlenstoff (CCl4). Wie erwartet entwickelten beide Modelle eine moderate 

Leberfibrose und eine deutliche Eisenakkumulation in den Makrophagen. Jedoch führte TAA, 

aber nicht CCl4, zusätzlich zu einer signifikanten Leber- und systemischen Eisenüberladung 

aufgrund einer deutlich verringerten Hepcidinsynthese. Einen möglichen Mechanismus hier-

für stellt die starke Beeinträchtigung der C/EBPα-Bindungsfähigkeit an den Hepcidin Promo-

ter dar, welche nur nach chronischer TAA-, jedoch nicht CCl4-Injektion beobachtet wurde. 

Während beide Modelle eine niedrige C/EBPα-Expression aufwiesen, zeigte nur TAA eine 

ausgeprägte Hochregulation von CCAAT/enhancer-binding protein (C/EBP)-homologous 

protein (CHOP), einem C/EBPα-Inhibitor. Andererseits hat TAA nicht zu gravierenden Ver-

änderungen des BMP6/SMAD und des IL-6/STAT3 Signalweges geführt, welche Hepcidin 

normalerweise als Reaktion auf Eisenverfügbarkeit und Entzündung regulieren. Eine einzel-

ne TAA-Injektion führte zu einer lang anhaltenden (> 6 Tage) Hepcidinerniedrigung mit ei-

nem Minimum nach zwei Tagen. Zu diesem Zeitpunkt wurden ebenfalls eine verminderte 

C/EBPα-Expression sowie eine deutliche Hochregulation von CHOP gemessen. Zu beachten 

ist, dass CHOP knockout Mäuse (im Vergleich zu nicht-transgenen Geschwistern) in Reakti-

on auf eine akute TAA-Injektion eine verminderte TAA-vermittelte Suppression von Hepcidin 

zeigten und nach chronischer TAA-Behandlung keine Erhöhung der Eisenparameter in der 

Leber festzustellen war. Bei Untersuchungen von ALD-Patienten wurden fünffach erhöhte 

CHOP Werte in der Leber gemessen, die darüber hinaus negativ mit der Hepcidin mRNA 
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Expression korrelierten. Meine Ergebnisse etablieren CHOP als wichtigen Regulator der he-

patischen Hepcidin-Expression und liefern Hinweise darauf, dass CHOP zu einer Eisenüber-

ladung bei chronischen Lebererkrankungen beiträgt. Die Unterschiede im Eisenstoffwechsel 

zwischen den beiden weit verbreiteten Fibrosemodellen spiegeln außerdem die inhomogene 

Regulation der Hepcidin-Expression bei humanen Lebererkrankungen wider. Dabei stellt die 

TAA-Behandlung ein einzigartiges Modell einer Leberschädigungs-assoziierten Eisenüberla-

dung dar, die nützlich werden wird, um die menschliche Situation besser zu verstehen. 
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1. Introduction 

1.1 Chemistry and biology of cellular iron metaboli sm 

With rare exceptions (e.g. Lactobacillus plantarum), survival of all organisms is dependent on 

iron [1,2]. The essential trace element iron, that can be easily reduced and oxidized, is re-

quired for a number of key biological processes including oxygen transport in red blood cells, 

DNA synthesis, cellular respiration and immune response [3]. Despite of the omnipresent 

distribution and abundance of iron in the biosphere, iron-dependent life must deal with the 

risk of iron deficiency and iron overload, each with its serious consequences. Homeostatic 

mechanisms regulating absorption, transport, storage and mobilization of cellular iron are 

therefore of critical importance [2]. 

1.1.1 The chemistry of iron 

Three general reaction types are responsible for most of the biological functions of iron and 

accompanying problems in iron homeostasis in all organisms: oxidation–reduction, hydrolysis 

and polynuclear complex formation of iron hydroxide [2]. 

The most common iron species are the divalent ferrous (Fe2+) and the trivalent ferric (Fe3+) 

iron. The one-electron transfer between these states can be easily performed. Common re-

ducing agents will usually transform aqueous ferric iron to ferrous iron, while molecular diox-

ygen (O2) will promote the reverse reaction. The redox potential of iron is determined by the 

nature of attached ligands. At physiological oxygen concentrations, the stable state of iron in 

most of its biological complexes is Fe3+. Therefore, reduction reactions have a critical role in 

iron metabolism, since transmembrane transport, deposition in the storage protein ferritin 

and synthesis of heme all require ferrous iron. The redox abilities of iron are responsible for 

most of its toxicity and especially when present in excess, iron leads to the generation of re-

active oxygen species (ROS). The resulting ROS, superoxide (O2
•-), hydrogen peroxide 

(H2O2) and the instable hydroxyl radical (OH•), which represents one of the most powerful 

oxidants found in biological systems, subsequently attack proteins, nucleic acids and carbo-

hydrates as well as initiate lipid peroxidation [4]. 

The formation of O2
•- leads to the well-known Haber–Weiss–Fenton reaction, which catalyzed 

by iron generates the toxic OH• [2,5]: 
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Ferric iron is the most stable form at physiological as well as environmental oxygen concen-

trations, has a six-fold coordination and a strong tendency to hydrolyze to form Fe(III) hy-

droxide in aquatic surroundings [6]. Hydroxide complexes of iron easily polymerize by dehy-

dration to form polynuclear complexes with iron atoms linked by oxo- or hydroxobridges: 

 

 

Fe(III) hydroxide polymers in biological systems range from two iron atoms, as seen in pro-

teins with binuclear iron centers (e.g. ribonucleotide reductase and the purple acid phospha-

tases) to three dimensional arrays of up to 4,500 iron atoms as observed in the mineralized 

core of ferritins [2]. 

Although iron is one of the most abundant elements on our planet, its commonly occurring 

forms are highly insoluble under normal conditions [3]. Thus, because of its poor bioavailabil-

ity and high toxicity, the acquisition and transport of iron constitutes a particular challenge for 

cells and organisms. 

1.1.2 Systemic iron metabolism 

The normal iron content of a healthy human is typically about 50 mg of iron per kilogram of 

body weight. The majority of this iron is bound to hemoglobin in erythrocytes and myoglobin 

in muscle cells [7]. To maintain iron balance, the daily loss of 1-2 mg iron, which occurs 

mainly by minor blood losses or desquamation of intestinal cells, needs to be replaced with 

iron from dietary sources, which is absorbed by enterocytes of the proximal small intestines 

[3]. The body iron itself is subjected to a recycling, where iron from aged erythrocytes and 

other cells, which are degraded by macrophages, is reutilized [3,7]. Excess iron is stored in 

parenchymal cells of the liver and reticuloendothelial macrophages [8]. The whole process is 

outlined in Figure 1 . 
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Figure 1. Systemic iron metabolism.  The outline depicts the mechanisms that are responsible for 

uptake, intracellular distribution and transport of iron. Steady iron levels are maintained by daily ab-

sorption of ~1−2 mg of dietary iron to account for obligatory losses of iron through sloughing of skin 

and mucosal cells, hemorrhage and other losses. A majority of iron is found in the erythroid compart-

ment of bone marrow and in mature erythrocytes within the heme group of hemoglobin. Most of the 

required body iron is recycled from senescent erythrocytes by macrophages and returned to the bone 

marrow for insertion into erythroid precursors. Approximately 4 mg of iron is found in plasma bound to 

transferrin. The liver and reticuloendothelial macrophages function as major iron stores. The distribu-

tion of iron in the body is altered in iron deficiency or iron overload. Scheme according to Kroot et al. 

with minor changes [9]. 

 

The liver does not only represent the major iron storing organ but also acts as the central 

regulator of body iron homeostasis. Due to the fact that humans lack an active iron-excreting 

mechanism and excess iron is toxic, the entire iron homeostasis needs to be tightly regulated 

[3]. 

1.1.2.1 Molecular regulation of iron homeostasis 

Mechanisms of cellular iron uptake, transport and storage 

Dietary iron is absorbed from the lumen of the gut across the apical membrane of the entero-

cytes. Then it is translocated through the cell and released basolaterally into the blood 
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stream, where it binds to apo-transferrin (apo-TF), an abundant liver-derived protein with 

extremely high affinity for ferric iron [10]. The intestinal mucosa predominantly absorbs inor-

ganic iron and heme. Dietary non-heme iron exists primarily in the insoluble Fe3+ form, which 

must be reduced to Fe2+ prior to transport across the intestinal epithelium. It is widely be-

lieved that ferrireductase DCYTB (duodenal cytochrome b), whose expression is increased in 

iron deficiency and hypoxia, accomplishes this function. However, newer studies suggest 

that DCYTB is dispensable for iron absorption [11,12]. Anyhow, the reduced iron enters the 

cell via the widely expressed divalent metal-ion transporter 1 (DMT1) [10]. Intact heme, e.g. 

from meat, is transported across the brush-border membrane probably via a putative apical 

heme carrier protein 1 (HCP1) [13]. To release the iron from heme into the cytosolic labile 

iron pool, heme is degraded by heme oxygenase (HO) [13]. Iron that is not stored intracellu-

larly in form of ferritin is transported through the basolateral surface of the enterocyte via fer-

roportin (FPN1). After export, hephaestin oxidizes Fe2+ to Fe3+ allowing a loading onto trans-

ferrin (TF). However, it remains largely unclear how exactly the iron is transferred from the 

apical to the basolateral side of the intestinal cells [10]. 

TF binds up to two iron ions and transports them throughout the blood stream to most cell 

types of the body. Cells have developed several mechanisms to absorb the TF-bound iron 

(TF-Fe). Best known is the uptake of TF-Fe via transferrin receptor 1 (TFR1), which is ex-

pressed on the surface of many cell types [10]. After binding of TF-Fe to TFR1, the “TFR1 

cycle” initiates. Areas of cell membrane carrying TF-Fe/TFR1 complexes translocate to clath-

rin-coated endosomes via receptor-mediated endocytosis. After clathrin is removed, early 

endosomes become acidified through proton influx, leading to a conformational change in 

both TF and TFR1, promoting iron release. Inorganic Fe3+ is reduced by the recently identi-

fied ferrireductase STEAP3 (six-transmembrane epithelial antigen of the prostate 3) to Fe2+. 

The ferrous iron is transported from the endosome into the cytosol via DMT1 to join the cyto-

solic labile iron pool. From there, iron can be imported for example into mitochondria for 

heme and Fe/S cluster biosynthesis. TFR1 is recycled back to the cell surface and apo-TF is 

released into blood stream for further cycles of iron binding [10]. 

Excess cytoplasmic iron is stored within the iron storage protein ferritin [10]. Storage of ex-

cess iron in ferritin is essential to prevent iron-mediated oxidative processes and ferritin is 

therefore an important component of the oxidative stress protection system [14,15]. The ferri-

tin molecule is a hollow protein shell. It is composed of 24 subunits, which can be formed 

either from heavy (H-ferritin) or light (L-ferritin) chains [16]. The ferroxidase activity of the H-

chain is responsible for converting the cytosolic Fe2+ into Fe3+ and then together with the L-

form for its storage as a ferric oxohydroxide mineral (see above for details) [14]. The recently 

identified poly(rC)-binding protein 1 (PCBP1) directly binds to ferritin and enables its loading 
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with iron [17]. The final ferritin complex is a 12 nm wide structure with an 8 nm inner diameter 

that may harbor up to 4,500 atoms of iron in a bioavailable but safe form, which can easily be 

mobilized following lysosomal degradation of the ferritin complex [18]. The presence of ferri-

tin has also been demonstrated in mitochondria and in the nucleus [19]. 

Transferrin receptor 2 (TFR2), a protein with high homology to TFR1, is only expressed in 

hepatocytes, duodenal crypt cells and erythroid cells. TFR2 also binds TF-Fe, but with an 

approximately 30-fold lower affinity than TFR1. Although its precise function still remains to 

be determined, a role in iron sensing rather than iron uptake seems to be more likely [10,20]. 

The IRE-IRP regulatory system 

The expression of genes coordinating iron uptake, storage and export is regulated in re-

sponse to iron supply [21]. This regulation is executed by the IRE-IRP system and made 

possible by the ability of cytosolic iron regulatory proteins (IRP1 and IRP2), which represent 

homolog proteins that sense cellular iron status to affect the stability of mRNA or translation 

from mRNA into protein. In cells that are iron depleted, IRP1 and IRP2 bind to conserved 

stem-loop structures found in the mRNAs of iron-regulatory proteins, which are known as 

iron responsive elements (IREs) [21]. In ferritin mRNA and isoforms of FPN1 mRNA, the 

IREs are located in the 5’-untranslated region (UTR) near the cap-binding site, where transla-

tion factors usually bind. Binding of IRPs to this site down-regulate the translation of these 

proteins, because translation factors or ribosomes cannot bind. In contrast, in TFR1 mRNA 

and isoforms of DMT1 mRNA, the IREs are found in the 3’-UTR, a region of the mRNA that 

is important for regulating the half-life of transcripts. IRP binding to these IREs stabilizes the 

mRNA resulting in increased protein levels [21]. The translation of other proteins involved in 

iron metabolism such as HIF2α is controlled by the IRE-IRP regulatory system as well [22]. 

However, the IRE-IRP system is susceptible to many disturbances, especially the activation 

of the interaction between IRE and IRP by iron chelator, nitric oxide (NO), hypoxia and H2O2, 

which cause an inappropriately high iron influx and capturing of toxic iron in the cells [23]. 

Hepcidin – the central iron-regulatory peptide 

Hepcidin has emerged as the master regulator of body iron metabolism. It was first identified 

as an antimicrobial peptide in human plasma and urine [24,25]. The HAMP (hepcidin antimi-

crobial peptide) gene is mainly expressed in the liver, but recent studies also describe pro-

duction of hepcidin in other tissues, like macrophages, pancreatic beta cells, kidney, stomach 

and adipocytes [26-31]. The function and relevance of extrahepatic hepcidin for the circulat-

ing pool is hitherto largely unknown and in all these cell types, hepcidin gene expression 

seems to be more sensitive to inflammation than to iron [32]. 
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Hepcidin is produced as a 84 amino acid pre-pro-peptide, which undergoes cellular cleavage 

to release the mature 25 amino acid peptide into the circulation [24,25]. The active hepcidin 

peptide contains eight cysteine residues that form four disulphide bonds, previously thought 

to build a deformed hairpin-like structure [33]. But more recent analyses suggests an updat-

ed structure for hepcidin, involving a stable β-sheet together with a β-hairpin loop [34]. 

A role for hepcidin in iron homeostasis was first observed in upstream stimulatory factor 2 

(USF2) transcription factor deficient mice (Paris USF2-/-), which developed a severe iron 

overload similar to that found in human hemochromatosis and in hereditary hemochromato-

sis protein (HFE) deficient mice [35]. Subsequent examination of these USF2 knockout (KO) 

mice revealed that the hepcidin gene had also been disrupted, due to the close location of 

the genes to each other [36]. In addition to hepcidin KO animals (Hepc1-/-), transgenic mice 

overexpressing hepcidin have also been generated and revealed severe body iron deficiency 

and microcytic hypochromic anemia [35,37].  

Studies observed that hepcidin acts as a negative regulator of iron absorption in the duode-

num and iron release from macrophages via its binding and subsequent degradation of 

FPN1, the only known iron exporter found on the plasma membrane of these cells [3]. Hep-

cidin can be regulated positively by increased iron stores or inflammation and negatively by 

iron deficiency, anemia and hypoxia [3]. 

Molecular regulation of hepcidin expression 

BMP-SMAD signaling 

Increasing iron levels induce hepcidin transcription via the BMP (bone morphogenetic pro-

tein)-SMAD (homolog of the SMA protein in C. elegans and the MAD (mothers against 

decapentaplegic homolog) protein in Drosophila) signaling pathway and this up-regulation 

prevents further iron uptake. To support its biological relevance, the defects in the BMP-

SMAD pathway cause severe disturbances in iron homeostasis [38,39]. 

BMP2, 4, 6 and 9 were shown to represent strong inducers of hepcidin synthesis [40,41]. 

The BMPs bind to BMP receptor (BMPR) complexes located on cell surface and composed 

of one type 1 (BMPR1) and three type 2 (BMPR2) serine/threonine kinase-coupled receptors 

[42]. Upon BMP binding, the constitutively active BMPR2 phosphorylates and activates 

BMPR1, which in turn phosphorylates the SMADs 1, 5 and 8 [39]. After phosphorylation, 

these SMAD proteins associate with SMAD4 and the whole activated SMAD complex trans-

locates into the nucleus where it enhances the transcription of its target genes [39]. 

Additional growth factors as well as co-receptors of the BMP receptor complexes can modify 

the BMPR ligand preference and signaling intensity [43]. Activation of hepcidin expression 
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through BMP2, 4 and 6 via SMAD signaling requires the co-receptor hemojuvelin (HJV), a 

glycosylphosphatidylnositol (GPI)-linked cell surface protein [39], whereas BMP9 does not 

interact with HJV [44]. 

However, neither HJV nor the BMPs or their receptors are iron binding molecules able to 

sense the body iron status. Therefore, an interaction with iron concentration sensing proteins 

is required. TFR2 and HFE seem to represent such proteins, which modify the activity or as-

sembly of the regulatory complex of HJV, BMPs and BMPR. Genetic studies of TF and its 

receptors (TFR1 and TFR2) suggest that all three are involved in iron regulation, not only in 

iron uptake. The HFE gene encodes a membrane protein, which forms a heterodimer with 

β2-microglobulin. The HFE/β2-microglobulin complex constitutively binds to TFR1 at a site, 

which overlaps with the binding site for TF-Fe and thereby diminishes the TF-TFR1 interac-

tion. In contrast, in TFR2, the sites for HFE- and TF-Fe-binding do not overlap [44]. 

In high iron conditions, the abundant TF-Fe complex binds to both TFRs, thereby leading to 

release of HFE from TFR1 and stabilization of TFR2. Subsequently, the free HFE interacts 

with the TFR2 to build a TFR2/HFE complex. This iron sensing TFR2/HFE complex is 

thought to associate with the BMP-SMAD signaling pathway to stimulate hepcidin synthesis 

in order to block a further iron uptake [44]. 

IL-6 signaling 

Infections and microbial products such as lipopolysaccharide (LPS) directly stimulate hep-

cidin expression in hepatocytes, monocytes and macrophages. If persistent, the chronic 

overexpression of hepcidin causes the development of iron-restricted anemia with 

hypoferremia or the development of anemia of inflammation [31,36]. Hepcidin is thought to 

represent a type II acute phase protein providing a molecular link between inflammatory in-

terleukin 6 (IL-6)-production and iron metabolism [45]. Ligand binding to the IL-6 receptor 

activate Janus kinases, which phosphorylate STAT3 (signal transducer and activator of tran-

scription 3). Transport of phosphorylated STAT3 to the nucleus causes an up-regulation of 

hepcidin levels, leading to hypoferremia through down-regulation of FPN1-mediated iron up-

take from duodenal enterocytes and diminished iron release from macrophages [46]. 

But the IL-6 signaling pathway may also require SMAD-pathway since liver-specific SMAD4 

deficient mice have a decreased IL-6 mediated hepcidin induction [47]. On the other hand, 

inflammation not only regulates hepcidin synthesis but also suppresses HJV expression, 

thereby shutting down the BMP/HJV/TFR response in order to turn off the iron sensing 

mechanisms during an inflammatory condition. However, this observation still needs to be 

convincingly experimentally proven [48,49]. 
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Recently, the cyclic AMP-responsive element-binding protein H (CREBH), an endoplasmic 

reticulum (ER) stress-associated liver specific transcription factor, was also shown to stimu-

late the expression of hepcidin [50]. CREBH is sensitive to factors inducing immune re-

sponse, such as LPS and IL-6 and directly activates transcription of acute phase response 

genes, such as serum amyloid P component (SAP) and C-reactive protein (CRP) in the liver. 

Vecchi and colleagues demonstrated that the up-regulation of CREBH via ER stress, in-

duced in mice by tunicamycin injections, activates hepcidin expression and thereby results in 

hypoferremia and iron sequestration in macrophages. They propose that CREBH may coop-

erate with the IL-6/STAT3 pathway to stimulate hepcidin expression during inflammation [50]. 

C/EBPα signaling, CHOP and ER stress 

CCAAT enhancer binding protein alpha (C/EBPα) is a member of the CCAAT enhancer bind-

ing protein (CEBP) family of leucine zipper transcription factors and a key transcription factor 

regulating hepcidin gene expression [51]. The CEBP family consists of six members includ-

ing C/EBPα and C/EBP homolog protein (CHOP) and all family members contain a C-

terminal basic region leucine zipper (bZIP) domain important for DNA binding and dimeriza-

tion [52,53]. The CEBPs regulate gene transcription via complex formation with a wide varie-

ty of other transcription factors or cell cycle proteins. The complexity of the system is high-

lighted by the fact that C/EBP function can be post-transcriptionally modulated via phosphor-

ylation, acetylation as well as ubiquitinylation [53]. 

C/EBPα, the first identified C/EBP, mediates iron metabolism, cell proliferation as well as the 

transcription of genes involved in differentiation and energy homeostasis [51,54]. Mice con-

stitutively deficient for C/EBPα die immediately after birth due to a disturbed glycogen stor-

age and impaired gluconeogenesis [53]. C/EBPα also plays a key role in the differentiation of 

myelomonocytic cells. Accordingly, mutations in the CEBPA gene are known to be one of the 

causes of acute myeloid leukemia (AML) [54]. C/EBPα expression can be controlled at sev-

eral levels. On transcriptional level USF (USF1 and USF2) nuclear factors seems to be the 

critical mediators of both human and mouse C/EBPα expression, even though the mouse 

and human promoter sequence similarities are rather low (~55%) [55,56]. One study per-

formed by Welm and colleagues also proposes the liver-enriched transcriptional inhibitory 

protein (LIP), which is up-regulated during an acute inflammatory response by LPS, to de-

crease C/EBPα promoter activity and therefore its expression [57]. Translation of C/EBPα 

mRNA is observed to be inhibited by calreticulin (CRT) as well as protein disulfide isomerase 

(PDI), which both bind to stem loop regions of its mRNA [58,59]. The C/EBPα mRNA con-

tains three alternative translation initiation sites which produce three isoforms with a different 

length of their N-termini and with different biological functions [54]. The full length C/EBPα 
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isoform (p42) is the ’normal’ transcription factor activating expression of genes such as hep-

cidin (Hamp), glucose-6-phosphatase (G6pc) or liver glycogen synthase (Gys2) and serving 

as a tumor suppressor [53,54]. In contrast, the truncated C/EBPα isoform (p30) lacks the N-

terminal sequences needed for activation of transcription and this property might be im-

portant for its antimitotic activity. However, at the same time, the increased expression of the 

p30 seems to be oncogenic in the hematopoietic system, which further highlights the fact that 

the role of C/EBPα is context- and cell type-dependent [60]. The third C/EBPα isoform is the 

least studied one, but might be regulated and acts in concert with p30, together promoting 

cell growth and proliferation [60]. The p42/p30 ratio, which is controlled via an evolutionary 

conserved upstream open reading frame (uORF) in the mRNA leader sequence, depends on 

the activity of the eukaryotic translation initiation factor 2 (eIF2) [54,60]. Furthermore, it is 

believed that the isoforms p42 and p30 give rise to several hetero- and homodimer combina-

tions with distinct functions. For example, the generation of the p42/p30 heterodimer inhibits 

the p42 mediated transactivation of genes [61]. 

Albeit very complex, the impairment of the DNA-binding activity of C/EBPα is likely the major 

force leading to diminished hepcidin production and consecutive iron overload found in vari-

ous chronic liver diseases. Several groups demonstrated that such a process can be elicited 

by either alcohol or hepatitis c virus (HCV) [62-65]. Nishina et al. proposed that a decreased 

DNA-binding of C/EBPα by HCV may be due to an activated expression of CHOP in this dis-

ease [65]. CHOP is also termed as growth arrest and DNA damage inducible gene 153 

(GADD153), DNA damage inducible transcript 3 (DDIT3) or C/EBPζ with all names highlight-

ing its stress-responsive properties [66]. By forming heterodimers with other C/EBP family 

members, CHOP acts as a dominant-negative regulator of C/EBP-DNA binding [66-68]. Of 

note, CHOP cannot form homodimers [68], but CHOP-C/EBP heterodimers are able to bind 

to unique DNA sequences due to proline and glycine substitutions in the classical bZIP do-

main and act as positive transactivators for specific genes. For example, CHOP-ATF4 dimers 

are able to activate the ER stress inducible tribbles-related protein 3 (TRB3) [52,67,69]. Re-

cently, Oliveira et al. showed that an increased expression of CHOP alters C/EBPα binding 

to the hepcidin promoter after induction of unfolded protein response (UPR) in the human 

hepatoma cell line HepG2, but these data were never tested in vivo [70]. 

CHOP expression is increased by a wide variety of cell stresses, which include oxidative or 

ER stress, but are probably not restricted to this and is regulated mainly at transcriptional 

level [65,66,71]. Despite that, the ER stress remains the condition where CHOP regulation 

and function was studied the most. It is stimulated via impaired protein folding in the ER, 

which can occur under various physiological and pathological conditions. The resulting un-

folded or misfolded proteins are harmful to cells. To protect from them, the cell activates a 
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specific ER stress response pathway called UPR. Three distinct types of ER stress trans-

ducers, protein kinase RNA-like endoplasmic reticulum kinase (PERK), activating transcrip-

tion factor 6 (ATF6) and inositol-requiring protein 1 (IRE1), all localized in the ER membrane, 

sense the status (i.e. bound vs. unbound) of glucose-regulated protein 78 (GRP78), also 

known as binding immunoglobulin protein (BIP), in the ER lumen and transfer this infor-

mation to the cytosol [66,72]. The accumulation of unfolded proteins in the ER sequesters 

the chaperone GRP78 causing its release from the three ER stress transducers leading to 

their activation. The activated PERK causes phosphorylation of eIF2, which in turn up-

regulates the transcription of activating transcription factor 4 (ATF4) that increases CHOP 

expression [72,73]. Moreover, ATF6 and the spliced form of XPB1, the latter one being in-

duced by IRE1, are also known to up-regulate CHOP transcription [73]. 

HIF signaling 

Hypoxia, a potent regulator of many cellular and systemic processes, is also known to regu-

late the expression of hepcidin and other iron genes, e.g. FPN1, DCYTB and DMT1 [74,75]. 

Hypoxia mediates transcription of genes via heterodimeric hypoxia inducible transcription 

factors (HIF) that bind to hypoxia-responsive elements (HRE) in the promoter of the target 

genes [76]. HIF consist of either HIF1α, HIF2α or HIF3α associated with the constitutive 

HIF1β subunit. During hypoxia, the HIFα subunits accumulate, translocate into the nucleus 

and interact there with the HIF1β subunit and other transcription factors. When oxygen/iron is 

widely available, the HIFα subunits are degraded due to iron dependent hydroxylation by 

prolyl hydrolases (PHDs). The PHDs contain an iron which is essential for their function and 

consequently are inhibited in iron deficient surrounding. Hence, due to PHDs, HIF may act as 

an iron sensitive transcription factor [44]. Several studies suggest that hepcidin is directly 

regulated by hepatic HIFs, mostly by HIF2α as well as partially by HIF1α. Of note, HIF-

signaling is sensitive to hepatocytes’ internal iron stores and might therefore complement the 

effect of the BMP/HJV/TFR pathway, which senses iron loaded TF in the blood [44]. 

1.2 Disorders of iron homeostasis 

1.2.1 Anemias 

Iron deficiency represents one of the most frequent causes of hematological disorders and 

continues to be a major public health problem worldwide. Iron is not only an element neces-

sary for hemoglobin production, but is also an important component of at least 200 cellular 

enzymes that are essential for normal cellular functions. The reasons for iron deficiency can 

be inadequate dietary iron intake or decreased iron absorption on one side and increased 
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iron requirements or iron losses on the other. The underlying conditions include chronic in-

flammation, iron disorders of genetic origin and malignant disorders [3,77]. Of note, some of 

them might be multifactorial (such as carcinomas which lead to increased iron demand, de-

creased uptake and elevated iron losses through bleeding at the same time) while others 

(such as chronic inflammation) may lead to a pathological iron redistribution rather than defi-

ciency per se. 

The prime example of iron deficiency of genetic origin is the iron-refractory iron deficiency 

anemia (IRIDA). It is a rare recessive disorder caused by mutations in the TMPRSS6 gene, 

which encodes for the enzyme matriptase 2 [78]. The mutation inhibits the HJV/BMP/SMAD 

signaling pathway and results in chronic elevation of plasma hepcidin, which in turn leads to 

a partial blocking of dietary iron absorption [78,79]. 

1.2.1.1 Anemia of inflammation and chronic disease 

Chronic inflammatory diseases including bacterial, viral or parasitic infections, rheumatologic 

disorders, systemic lupus erythematosus or inflammatory bowel disease are often associated 

with hypoferremia and anemia. Anemia is caused by inflammatory stimulation of hepcidin 

production mainly through IL-6 and other pathways leading to attenuated duodenal iron ab-

sorption and the retention of iron in macrophages (see chapter about IL-6 signaling) 

[3,77,80,80]. 

1.2.1.2 Iron-loading anemias 

Unlike the systemic iron-deficiency anemias, iron-loading anemias are characterized by a 

prominent iron overload in multiple tissues, which is trapped within these organs and is not 

available for erythropoiesis [3,81]. As an example, a severe form of iron loading anemia de-

velops in patients with β-thalassemia. This inherited disorder is caused by a mutation in the 

beta chain of hemoglobin resulting in the lack of this subunit [3]. The consequence is an ex-

cess of α-chains which precipitate, thereby leading to destruction of red blood cell precursors 

and development of anemia [3]. The anemia suppresses hepatic synthesis of hepcidin, which 

spurs an increased absorption of dietary iron. In addition to that, the patients require frequent 

blood transfusions which further aggravate the iron overload [3]. 

Another iron-loading anemias are due to defects in the genes encoding DMT1 and glu-

taredoxin 5 (Glutaredoxin 5 iron overload), which lead to autosomal recessive hypochromic, 

microcytic anemia [81]. Surprisingly, the patients with DMT1 mutations not only suffer from 

erythrocyte abnormalities, but also display a hepatic iron overload that cannot be explained 

fully by their transfusion histories [81]. Deficiency in serum TF (Atransferrinemia) arises due 

to mutations in the TF gene, which interrupts iron delivery to erythroid precursors, thereby 
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triggering a massive but non-productive increase in intestinal iron absorption and consequent 

tissue iron overload [81]. Through an unrelated mechanism, a deficiency in another major 

plasma protein, termed ceruloplasmin, causes mild iron deficiency anemia with iron accumu-

lation in liver and brain [81]. Iron deficiency in Aceruloplasminemia develops due to a lack of 

ferroxidase activity which is needed to mobilize iron from storage places [82]. 

1.2.2 Iron overload disorders 

There are several types of iron overload diseases with different iron distribution divided into 

genetic and non-genetic iron overload disorders. 

1.2.2.1 Genetic iron overload 

Hereditary hemochromatoses are genetic disorders of iron metabolism in which increased 

intestinal iron absorption leads to deposition of iron in tissues thereby causing injury and or-

gan dysfunction [3]. 

The autosomal recessive hemochromatoses develop due to an inadequately low hepcidin 

production and consequently due to an inappropriately high iron absorption. Because of this, 

increased plasma iron and increased TF saturation emerge and ultimately lead to formation 

of non-transferrin bound iron (NTBI), which consists of iron bound to low-molecular-weight 

chelators, macromolecules and other proteins [83]. NTBI is rapidly taken up by parenchymal 

liver cells, the pancreas and the heart, leading to excess iron in the organs [78]. The degree 

of hepcidin deficiency determines the extent of iron overload and the clinical outcome [3]. 

HFE-related hemochromatosis (Type1) is the most common form of genetic iron overload 

[78]. This disease refers to mutations of the HFE gene located on chromosome 6. Homozy-

gous C282Y (cysteine to tyrosine substitution) mutations accounts for more than 90% of type 

1 hemochromatosis cases and arises due to a defect in the BMP-SMAD signaling which 

stimulates hepcidin production in response to iron loading [78]. Non-HFE related genetic iron 

overload diseases are rather rare. Type 2 hemochromatoses (juvenile hemochromatoses) 

are linked to mutations in the HJV gene (Type 2A) or the HAMP gene itself (Type 2B). These 

hemochromatoses, which effect mainly young adults under 30 years, result in a profound iron 

overload, especially in the heart and the endocrine glands [78]. Type 3 hemochromatosis 

develops due to mutations in the TFR2 gene and similar to types 1 and 2A affects BMP-

SMAD signaling [78]. 

At present, mutations in two genes were shown to be responsible for autosomal dominant 

hemochromatosis. They include defects in the iron transporter ferroportin and the heavy 

subunit of the iron storage protein ferritin. These iron overload disorders differ in several as-

pects from the recessive hemochromatosis. In particular, iron overload in them is not due to 
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a defect in hepcidin production, but either due to impaired iron storage machinery or a dis-

turbed iron transport. [84]. 

Ferroportin disease, also called hemochromatosis type 4, is characterized by a missense 

mutation in the FPN1 gene [3]. It typically results in markedly increased serum ferritin, normal 

or low plasma TF saturation and iron accumulation predominantly in macrophages. The ac-

cumulation of iron in macrophages is due to an impairment of macrophage iron export either 

because of decreased synthesis or membrane transport of ferroportin or because of an im-

pairment of its iron transport properties (loss of function, Type 4A) [3]. On the other hand, the 

rare atypical ferroportin disease (gain of function, Type 4B) is due to insensitivity of FNP1 to 

hepcidin and mimics type 1 hemochromatosis [78]. 

A mutation in the IRE of H-ferritin mRNA was detected in one Japanese family [84] and 

causes enhanced binding of IRPs to the IRE resulting in reduction of H-ferritin translation and 

simultaneous increase in L-ferritin levels. This leads to a high serum ferritin level, slightly 

elevated TF saturation and iron accumulation in hepatocytes and Kupffer cells [84]. 

1.2.2.2 Non-genetic iron overload 

Altered iron metabolism, as evidenced by increased hepatic iron and elevated serum ferritin 

levels, is a frequent feature of various non-genetic liver diseases like HCV infection or alco-

holic liver disease (ALD) [85]. Hepatic siderosis is also common in many patients with end-

stage liver disease. The pathophysiological basis of excess hepatic iron in these conditions is 

not yet well understood and likely relates to changes in hepcidin expression, altered synthe-

sis of intestinal iron transporters and increased intestinal iron absorption as well as hepatic 

necroinflammation with a redistribution of liver iron deposits [85]. Iron accumulation is con-

sidered to be an important modifier of liver disease progression and a risk factor for the de-

velopment of liver cirrhosis and/or hepatocellular carcinoma (HCC) as well as for increased 

mortality before and after liver transplantation [85]. Despite its important pathogenic contribu-

tion, therapeutic strategies designed to normalize the iron metabolism are lacking. 

Alcoholic liver disease (ALD) 

Consumption of alcohol is a central risk factor for chronic liver disease development world-

wide [86]. ALD presents a broad spectrum of disorders, ranging from simple fatty liver to 

more severe forms of liver injury, including alcoholic steatohepatitis, fibrosis, cirrhosis and 

HCC [86]. Even in the absence of cirrhosis, mesenchymal or mixed mild hepatic siderosis is 

found in up to 75% of chronic alcoholics [79]. In mild cases of ALD, iron is observed in 

hepatocytes rather than in Kupffer cells [85]. In later stages of the disease, iron is predomi-

nantly found in Kupffer cells and macrophages. This redistribution of iron is thought to be due 
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to a release of iron from damaged hepatocytes [85]. The pathogenesis of iron overload in 

ALD patients is thought to be dependent on many factors; due to direct effects of alcohol on 

proteins involved in iron metabolism as well as non-specific changes in iron metabolism as-

sociated with the formation of fibrosis/cirrhosis [85]. Multiple studies also demonstrated direct 

alcohol-mediated down-regulation of hepcidin expression. Bridle et al. showed that hepcidin 

gene expression was reduced six-fold in male rats fed an alcoholic diet compared to control 

animals [64]. In mice fed with 10-20% ethanol for seven days, Harrison-Findik et al. observed 

that ethanol suppressed hepcidin mRNA and protein expression accompanied by elevated 

duodenal DMT1 and ferroportin protein expression, and this effect was abolished by inhibit-

ing the alcohol-metabolizing enzymes by 4-methylpyrazole [62]. This suggests that alcohol-

induced oxidative stress is an important mediator of altered iron metabolism seen in alcohol-

related liver injury. Moreover, in a dietary model of iron overload, alcohol suppressed the 

increase of hepcidin mRNA expression due to iron loading, indicating that alcohol abolishes 

the iron-mediated hepcidin regulation [63]. Inhibition of C/EBPα-DNA binding activity by al-

cohol is proposed to be involved in alcohol-induced hepcidin suppression (see chapter 

C/EBPα-signaling) [63]. Moreover, hepatic hypoxia may play an important role in alcohol-

related liver iron accumulation (see chapter HIF-signaling) [87,88]. Since it is known that 

chronic alcohol exposure leads to hypoxia in the oxygen-poor pericentral regions of the liver 

and that increased levels of HIF1α  were shown in alcohol-fed rodents, it is conceivable that 

this could also mediate the attenuated hepcidin production [87,89-91]. To that end, a connec-

tion between HIF and C/EBPα signaling was recently discovered, in which HIF controls hep-

cidin expression via cyclin-dependent kinase (CdK)-dependent degradation of C/EBPα [91]. 

However, the administration of alcohol to animals leads only to transcriptional changes, but 

does not result in a significant increase in hepatic iron. While this might be due to the rela-

tively short timeframe over which these studies were performed, this fact represents a seri-

ous limitation of these models and greatly restricts their applicability to study the hepatic iron 

overload seen in human liver diseases [85]. Consequently, because of the lack of a suitable 

rodent model, an investigation of the simultaneous effects of iron overload and alcohol toxici-

ty has been difficult [85]. Tsukamoto and colleagues induced a significant liver injury by feed-

ing rats small amounts of iron in addition to intragastric alcohol exposure [92]. Achieving a 

higher hepatic iron concentration in the setting of alcohol exposure in combination with a 

significant inflammatory response is important, to be able to investigate the mechanisms of 

liver injury mediated by iron and alcohol [85]. 
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Non-alcoholic fatty liver disease (NAFLD) and dysmetabolic iron overload syndrome (DIOS) 

Non-alcoholic fatty liver disease is the most common liver disease in the USA and many 

western countries and is characterized by an increased fat accumulation in the hepatocytes 

[85]. A subset of patients develop a liver inflammation and hepatocyte ballooning, which is 

termed as non-alcoholic steatohepatitis (NASH). NASH represents a more severe NAFLD 

subtype and may lead to development of liver cirrhosis and HCC. The development of NASH 

has been proposed to occur via a number of “hits”. Initially, hepatic and/or peripheral insulin 

resistance along with increased circulating free fatty acids lead to hepatic fat accumulation, 

which is stored in form of triglycerides, resulting in macrovesicular steatosis [85]. Additional 

sources of oxidative stress, such as mitochondrial dysfunction, increased activity of pro-

oxidant cytochromes such as cytochrome P450 2E1 (CYP2E1) and other factors may over-

whelm antioxidant functions within hepatocytes, leading to cytotoxicity, necroinflammation 

and variable degrees of fibrosis [85]. Involvement of iron in NASH is still controversial, how-

ever, about one third of patients develop a hyperferritinemia with normal or mildly elevated 

TF saturation, a condition which has been named the 'dysmetabolic iron overload syndrome 

(DIOS)' [93]. Several human studies have examined iron depletion as a treatment for 

NAFLD, diabetes, and hyperferritinemia in the absence of hemochromatosis [85]. Iron deple-

tion appears to improve insulin resistance, insulin secretion and glycemic control in patients 

with type 2 diabetes and hyperferritinemia [85]. However, further data are needed to demon-

strate whether iron is involved in the development of fibrosis in DIOS patients and whether its 

removal may be beneficial [79]. 

Viral hepatitis 

Chronic hepatitis C (CHC) infections are often associated with elevated serum iron values 

and with mildly to moderately increased liver iron storages [94,95]. The histological pattern of 

iron distribution is usually mesenchymal with frequent iron deposits in endothelial cells [79]. It 

is known that elevated iron parameters correlate with the progression of liver disease and 

decreased response to antiviral therapy, but the molecular mechanism remains unclear [96]. 

Studies of phlebotomy therapy in CHC demonstrated the improvement in serum liver en-

zymes, a better response to treatment and stabilization of fibrosis [85]. Recently, a negative 

effect of HCV infection on hepatic hepcidin production was shown, which may, at least partly, 

explain abnormalities of iron metabolism found in patients with CHC [65,79,97-103]. Moreo-

ver, the disturbance of hepcidin production in HCV-infected patients was shown to be fully 

reversible after successful HCV therapy [98]. 
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Cirrhosis 

Significant liver siderosis is commonly observed in patients with end-stage liver disease, re-

gardless of the cause of cirrhosis [79,85]. There is often a considerable variability in the in-

tensity of iron accumulation and in quantitative measurements of hepatic iron within the same 

liver. Iron deposition is usually patchy and this is caused by an uneven distribution within the 

parenchyma, variable degrees of steatosis and large bands of fibrous tissue which contain 

only little or no iron [104,105]. It is likely that NTBI plays an important role in the formation of 

this type of iron overload, since in severe cirrhosis serum TF levels are low due to hepatic 

injury, which results in increased TF saturation and then in the occurrence of NTBI, an iron 

form that is preferentially taken up by hepatocytes [106]. Furthermore, decreased hepcidin 

production has been shown in patients with cirrhosis, which may result in up-regulated intes-

tinal iron absorption and iron release from macrophages [107]. An improved understanding of 

the biochemical regulators of iron metabolism in liver cirrhosis is therefore of great im-

portance and may provide new therapeutic tools to treat excess iron accumulation [79,85]. 

1.3 Chronic liver injury 

Injury to any organ will result in a wound healing response. If the damage is severe enough 

and/or long-lasting, scar tissue will form. Chronic injury of the liver underlies the same mech-

anisms and therefore gives rise to a wound healing response and subsequently to fibrosis 

[108]. Given that liver is a particularly forgiving organ, the chronic diseases as caused by 

excessive alcohol intake, hemochromatosis or viral hepatitis typically require many years to 

develop significant organ impairment [4]. 

During chronic liver injury the balance between deposition and degradation of components of 

the extra cellular matrix (ECM) is disturbed due to the inflammatory triggered transdifferentia-

tion of the hepatic stellate cell (HSC) from a fat-storing, vitamin A containing phenotype into 

activated myofibroblast-like cells with contractile, proinflammatory and fibrogenic properties 

[109]. The activated HSCs express a large amount of ECM proteins, such as fibrillary colla-

gens type I and III, collagen type IV, fibronectin, elastin and laminin. Additionally, transdiffer-

entiated HSCs also produce proteins such as tissue inhibitors of metalloproteinases (TIMPs) 

that prevent the degradation of the formed ECM. The accumulation of ECM results in liver 

fibrosis and if liver damage persists, a development of bridging fibrosis or even cirrhosis may 

occur [109]. Accordingly, an elimination of the underlying factors represents the most efficient 

strategy to cure liver fibrosis [4]. 
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1.3.1 Animal models of chronic liver injury 

A variety of liver fibrosis models with specific advantages and disadvantages have been de-

scribed [110]. The pathomechanism underlying liver damage can be studied in cell culture 

models, which include cultures of purified primary cells isolated from normal or experimental-

ly injured livers. However, such an in vitro model cannot reflect the complex events occurring 

in vivo, which arise from the interaction of multiple different cell populations [110]. Human 

specimens taken at biopsy or following hepatic resection are also employed. Though, ethical 

considerations and potential health risks for the participant limit this line of research. In addi-

tion, human specimens are typically available only at later stages of the disease, which fur-

ther decreases their investigational benefits [110]. Therefore, the availability of animal mod-

els is essential in the study of hepatic diseases and they currently represent the gold stand-

ard to study the development and progression of chronic liver disorders [111]. 

Models of chronic liver disease include hepatotoxin-induced, nutritionally-induced, immuno-

logically-induced, cholestatic, metabolically-induced or genetically-induced stresses [112]. 

Hepatotoxic agents like carbon tetrachloride (CCl4) and thioacetamide (TAA) are the most 

commonly used substances for induction of chronic liver injury [112]. The advantage of CCl4 

and TAA as liver disease models is their specificity for the liver as a target organ as well as 

the wealth of information available [113,114]. The two hepatotoxins share several similarities 

in their course of action, but also display important differences. Both substances induce 

apoptosis in the liver at low doses and cause hepatic necrosis after higher amounts [115]. 

They react covalently with liver macromolecules, have a carcinogenic effect and induce oxi-

dative stress [116-119]. 

1.3.1.1 Carbon tetrachloride (CCl 4) 

Carbon tetrachloride requires metabolic activation in the liver in order to cause liver damage. 

The CCl4 metabolism starts with the formation of the trichloromethyl radical (CCl3
•) by the 

mixed function cytochrome P450 oxidase system, mostly CYP2E1, in the ER or mitochondria 

[118]. The CCl3
• radical displays only a minor reactivity, which is, however, sufficient to bind 

covalently to CYP2E1 causing inactivation of the enzyme (haloalkylation). Accordingly, modi-

fication of CYP2E1 system directly affects CCl4 toxicity. To that end, an induction of enzyme 

activity with phenobarbital or dichloro diphenyl trichloro ethane (DDT) increases the hepato-

toxic effect of CCl4, while organisms with low activity of cytochrome P450, e.g. newborns of 

many species and chicken are less sensitive to CCl4 [118]. Last, but not least, low doses of 

CCl4 protect the liver from serious injury due to the inactivation of the enzyme until the re-

generation of the cytochrome P450 oxidase system has taken place [118]. Furthermore, in 
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the lack of oxygen, CCl3
• subsequently haloalkylates, albeit at a slow pace, multiple biologi-

cally important substances such as amino acids, nucleotides, nucleic acids, proteins as well 

as lipids, leading to cancer, steatosis, cell death and other hepatotoxic injuries [118]. In the 

presence of oxygen, the CCl3
• radical is rapidly converted to the highly reactive trichlorome-

thyl peroxy radical (CCl3OO•), which has a short half-life and initiates the process of lipid pe-

roxidation that together with haloalkylation represent the two initial pathways of CCl4 induced 

liver damage [118]. Lipid peroxidation damages cellular functions in two ways: firstly by dis-

turbing membrane activity and secondly by covalent binding of reactive intermediates formed 

during the reaction [118]. 

1.3.1.2 Thioacetamide (TAA) 

Thioacetamide is a cetrilobular hepatotoxicant and represents a widely used compound to 

induce acute and chronic liver injury. TAA requires a two-step bioactivation in the liver to 

yield a reactive intermediate. It starts with metabolic activation of TAA into thioacetamide  

S-oxide and further to thioacetamide S,S-dioxide via CYP450 and/or flavin-containing FMO 

monooxygenase systems [113,120]. In contrast to CCl4 and other thiono-sulfur compounds, 

TAA is not inhibiting the cytochrome P450 oxygenase system, because it forms a stable S-

oxide, not a radical [113,120]. The bioactivation follows saturation kinetics and depends at 

the high doses typically used in mouse models on the amount of the enzyme rather than the 

substrate. Accordingly, the hepatotoxic effect of TAA is exacerbated by the elevated CYP2E1 

enzyme activity as seen after phenobarbital exposure [113,121]. Thioacetamide-S,S-dioxide 

is an unstable, reactive metabolite, which initiates liver damage by covalently binding to liver 

macromolecules resulting in an overall disruption of protein and membrane functions 

[113,121]. TAA was also shown to induce hepatocarcinogenesis, even though no direct in-

teraction with cellular DNA has been demonstrated [122]. However, several studies revealed 

an increase in oxidative stress as well as a decrease in antioxidant enzyme function due to 

S,S-dioxide, which might contribute to the observed hepatocarcinogenesis in addition to the 

liver injury [116,117,119]. Although the source of ROS leading to lipid peroxidation after TAA 

administration still needs to be conclusively determined, Kang and colleagues suggested an 

involvement of the CYP450 monooxygenase system [116]. 

 

In summary, chronic viral hepatitis and ALD are the most prevalent disorders leading to de-

velopment of liver fibrosis in humans. Animal models are crucial to study the disease patho-

genesis and to develop suitable treatments. Even if metabolism of hepatotoxic agents as well 

as disease patterns may differ in humans and animals, they still provide an important insight 

into the response of the liver to chronic injury [112]. 
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1.4 Aim of the study 

Chronic liver damage is frequently associated with hepatic iron overload, which represents a 

risk factor for progression of liver disease to cirrhosis or even hepatocellular carcinoma 

(HCC) [123,124]. Non-genetic liver iron accumulation is particularly common in patients with 

alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD) and chronic hepatitis 

C (CHC). An inadequate production of hepcidin, the central iron regulating protein, consti-

tutes the likely cause of such iron overload [64,125-128]. However, the mechanisms underly-

ing the iron accumulation in chronic liver disorders and the reasons for the variability among 

patients with the same disease still remain largely unknown. 

The aim of my study was to examine the iron metabolism in context of acute and chronic liver 

injury using two well-established mouse models, application of thioacetamide (TAA) and car-

bon tetrachloride (CCl4). 

I was particularly interested in the following questions: 

• How is the iron metabolism regulated in the context of acute and chronic liver injury? 

• Does liver injury modify the hepatic iron distribution and if yes, does it mimic the liver 

iron deposition seen in human conditions? 

• Does liver injury influence hepcidin production and if yes, what are the underlying 

mechanisms? 
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2. Materials and methods 

2.1 Materials 

2.1.1 Laboratory equipment and consumables 

7500 Fast Real-Time PCR System  
Software: Sequence Detection Software V1.4 

Applied Biosystems, Life Technologies 
GmbH, Darmstadt, Germany 

96-well plates Nunc GmbH & Co. KG, Langenselbold, 
Germany 

Amersham Hyperfilm ECL (WB) GE Healthcare Europe GmbH, Freiburg, 
Germany 

Analytical balance Sartorius AG, Göttingen, Germany 

Balance PM 4000 Mettler-Toledo GmbH, Giessen, Germany 

BioPhotometer Eppendorf AG, Hamburg, Germany 

Block heater Stuart SBH 130D Bibby Scientific Limited, Staffordshire, UK 

Centrifuge 5417C Eppendorf AG, Hamburg, Germany 

Centrifuge 5417R Eppendorf AG, Hamburg, Germany 

Cryotubes 1.8 ml Fisher Scientific GmbH, Schwerte, 
Germany 

Deep freezer -80°C Heraeus, Kendro Laboratory Products 
GmbH, Langenselbold, Germany 

ELISA Reader Synergy HAT 
Software: KC4 V3.4 

BioTek Germany, Bad Friedrichshall, 
Germany 

Filter tips Biozym Scientific GmbH, Hessisch 
Oldendorf, Germany 

Freezer -20°C Robert Bosch Hausgeräte GmbH, 
München, Germany 

FUJI Medical X-Ray Film Super RX 
(EMSA) 

FUJIFILM Europe GmbH, Düsseldorf, 
Germany 

Gel documentation/UV lamp, 302 nm Bachofer GmbH Laboratoriumsgeräte, 
Reutlingen, Germany 

Gel electrophoresis equipment and acces-
sories 

Bio-Rad Laboratories GmbH, München, 
Germany 
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Ice machine AF200 Scotsman Ice Systems, Milan, Italy 

Leica light microscope DM5500 
Software: Leica Application Suite V4.1 

Leica Mikrosysteme Vertrieb GmbH,  
Wetzlar, Germany 

LightCycler 480 
Software: LightCycler 480 software V1.5.0 

Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 

LightCycler 480 Multiwell Plate 384, white Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 

Liquid Scintillation Analyzer Tri-Carb 
2810TR 

PerkinElmer, Inc., Waltham, MA, USA 

Magnetic stirrer MR 3001 Heidolph Instruments GmbH & Co. KG, 
Schwabach, Germany 

MicroAmp Fast Optical 96well Reaction 
Plate 

Applied Biosystems, Life Technologies 
GmbH, Darmstadt, Germany 

MicroAmp Optical Adhesive Film Applied Biosystems, Life Technologies 
GmbH, Darmstadt, Germany 

Microwave oven 800 SEVERIN Elektrogeräte GmbH, Sundern, 
Germany 

NanoDrop 1000 Fisher Scientific GmbH, Schwerte,  
Germany 

Needels 26 G x 1”, 26 G x ½” , 20 G x 1”  B. Braun Melsungen AG, Melsungen,  
Germany 

pH Meter inoLab WTW Wissenschaftlich-Technische Werk-
stätten GmbH, Weilheim, Germany 

Pipette tips Eppendorf AG, Hamburg, Germany 

Pipetus Hirschmann Laborgeräte GmbH & Co. KG, 
Eberstadt, Germany 

Polystyrene pipets 2, 5, 10, 25, 50 ml Corning B.V. Life Sciences, Amsterdam, 
Netherlands 

Polystyrene tubes 15, 50 ml BD Biosciences, Heidelberg, Germany 

Power supply Bio-Rad Laboratories GmbH, München, 
Germany 

PVDF membrane Millipore GmbH, Schwalbach/Ts., Germany 

Reaction tubes 0.5, 1.5, 2 ml Eppendorf AG, Hamburg, Germany 

Shaker Polymax 1040 Heidolph Instruments GmbH & Co. KG, 
Schwabach, Germany 
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SuperFrost Plus microscope slides Fisher Scientific GmbH, Schwerte,  
Germany 

Syringes 1, 3 ml BD Medical, Heidelberg, Germany 

Thermo cycler PTC-200 DNA Engine MJ Research Inc., St. Bruno, QC, Canada 

Tip sonicator 
(ultrasonic cell disruption) 

G. Heinemann Ultraschall- und Labortech-
nik, Schwäbisch Gmünd, Germany 

Tissue cassettes (IHC) Simport Scientific, Beloeil, QC, Canada 

UV cuvettes Brand GmbH & Co. KG, Wertheim,  
Germany 

Vortex-Genie 2 Scientific Industries, Inc., Bohemia, NY, 
USA 

Waterbath GFL - Gesellschaft für Labortechnik mbH, 
Burgwedel, Germany 

Whatman paper 3MM CHR Whatman GmbH, Dassel, Germany 

2.1.2 Chemicals and reagents 

2.1.2.1 Chemicals 

2-Mercaptoethanol Sigma-Aldrich Chemie GmbH, München, 
Germany 

2-Methylbutane Merck KGaA, Darmstadt, Germany 

2-Propanol Sigma-Aldrich Chemie GmbH, München, 
Germany 

Acetic acid 100% (CH3COOH) VWR International GmbH, Darmstadt,  
Germany 

Acrylamide Sigma-Aldrich Chemie GmbH, München, 
Germany 

Ammonium persulphate (APS) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Bathophenanthrolinedisulfonic acid  
disodium salt (BPS) 

Sigma-Aldrich Chemie GmbH, München, 
Germany 

Boric acid (H3BO3) AppliChem GmbH, Darmstadt, Germany 

Bromphenol blue sodium salt Sigma-Aldrich Chemie GmbH, München, 
Germany 
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BSA, Albumin bovine Fraction V Serva Electrophoresis GmbH, Heidelberg, 
Germany 

Carbon tetrachloride (CCl4) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Citric acid monohydrate Merck KGaA, Darmstadt, Germany 

Coomassie Brilliant blue R250 Bio-Rad Laboratories GmbH, München, 
Germany 

Diethyl pyrocarbonate (DEPC) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Direct Red 80 Sigma-Aldrich Chemie GmbH, München, 
Germany 

Dithiothreitol (DTT) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Ethanol (EtOH) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Ethidium bromide (EtBr) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Ethylene glycol-bis(2-aminoethylether)-
N,N,N′,N′-tetraacetic acid (EGTA) 

AppliChem GmbH, Darmstadt, Germany 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Ficoll 400 AppliChem GmbH, Darmstadt, Germany 

Formaldehyde solution 3.5-3.7%  Otto Fischar GmbH & Co. KG,  
Saarbrücken, Germany 

Formamide DI, deionized (IHC) AppliChem GmbH, Darmstadt, Germany 

Glycerol Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Glycine AppliChem GmbH, Darmstadt, Germany 

Goat serum Sigma-Aldrich Chemie GmbH, München, 
Germany 

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

AppliChem GmbH, Darmstadt, Germany 
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Hydrochloric acid 37% (HCl) VWR International GmbH, Darmstadt,  
Germany 

Hydrogen peroxide 30% (H2O2) Otto Fischar GmbH & Co. KG,  
Saarbrücken, Germany 

Iron(III) nitrate nonahydrate  
(Fe(NO3)3 x 9H2O) 

Sigma-Aldrich Chemie GmbH, München, 
Germany 

L-ascorbic acid Sigma-Aldrich Chemie GmbH, München, 
Germany 

LE Agarose Biozym Scientific GmbH, Hessisch  
Oldendorf, Germany 

Magnesium chloride (MgCl2) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Methanol (MeOH) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Methyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Milk powder Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Mouse serum (IHC) Invitrogen; Life Technologies GmbH, 
Darmstadt, Germany 

N,N,N′,N′-Tetramethylethylenediamine 
(TEMED) 

Sigma-Aldrich Chemie GmbH, München, 
Germany 

N,N′-Methylenebisacrylamide 
(Bis-acrylamide) 

Sigma-Aldrich Chemie GmbH, München, 
Germany 

NaCl 0.9% solution, sterile B. Braun Melsungen AG, Melsungen,  
Germany 

Nonidet P-40 (NP-40) Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 

Olive oil Sigma-Aldrich Chemie GmbH, München, 
Germany 

Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Picronitric acid solution 1.2% WALDECK-GmbH & Co KG, Division 
Chroma, Münster, Germany 

Poly(deoxyinosinic-deoxycytidylic) acid 
sodium salt (Poly(dI-dC)) 

Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 
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Potassium chloride (KCl) Merck KGaA, Darmstadt, Germany 

Potassium deoxycholate Sigma-Aldrich Chemie GmbH, München, 
Germany 

Potassium hexacyanoferrate(II) trihydrate 
(K4Fe(CN)6 x 3H2O) 

Sigma-Aldrich Chemie GmbH, München, 
Germany 

Potassium phosphate monobasic  
(KH2PO4) 

Merck KGaA, Darmstadt, Germany 

Sodium chloride (NaCl) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Sodium fluoride (NaF) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Sodium phosphate dibasic dihydrate 
(Na2HPO4 x 2H2O) 

Honeywell Riedel-de Haën, Seelze,  
Germany 

Sodium phosphate monobasic (NaH2PO4) Merck KGaA, Darmstadt, Germany 

Spermidine Sigma-Aldrich Chemie GmbH, München, 
Germany 

Thioacetamide (TAA) Sigma-Aldrich Chemie GmbH, München, 
Germany 

Tricine Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Tris base Sigma-Aldrich Chemie GmbH, München, 
Germany 

Tunicamycin Sigma-Aldrich Chemie GmbH, München, 
Germany 

Tween 20 Sigma-Aldrich Chemie GmbH, München, 
Germany 

Xylene VWR International GmbH, Darmstadt, 
Germany 

2.1.2.2 Kits, enzymes and ‘ready to use’-solutions 

10x TBST Tris Buffered Saline/Tween 20 
(ISH) 

Dako Deutschland GmbH, Hamburg,  
Germany 

20x SSC Buffer (ISH) Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 



MATERIALS AND METHODS 

 

29 

 

AEC+ Substrate-Chromogen (IHC) Dako Deutschland GmbH, Hamburg,  
Germany 

Biotin Blocking System (ISH) Dako Deutschland GmbH, Hamburg,  
Germany 

Deoxynucleoside triphosphate set  
(dNTP Mix) 

PeqLab Biotechnologie GmbH, Erlangen, 
Deutschland 

Deoxynucleoside triphosphate set (EMSA) GE Healthcare Europe GmbH, Freiburg, 
Germany 

Developing/Fixing Solution (WB) Tetenal AG & Co. KG, Norderstedt,  
Germany 

DIG RNA Labeling Kit (SP6/T7) (ISH) Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 

DIG Wash and Block Buffer Set (ISH) Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 

DNeasy Blood and Tissue Kit Qiagen, Hilden, Germany 

ECL Western Blotting Detection Reagent GE Healthcare Europe GmbH, Freiburg, 
Germany 

Entellan (IHC) Merck KGaA, Darmstadt, Germany 

Eosin G solution 0.5% Merck KGaA, Darmstadt, Germany 

Gene Ruler 50 bp DNA Ladder (WB) Fermentas GmbH, St. Leon-Rot, Germany 

GenPoint Kit, Catalyzed Signal  
Amplification System (ISH) 

Dako Deutschland GmbH, Hamburg,  
Germany 

GoTaq Green Master Mix Promega GmbH, Mannheim, Germany 

In Situ Hybridization Solution (ISH) Maxim Biotech, Inc., Rockville, MD, USA 

Klenow DNA Polymerase I,  
Large Fragment (Nr. M0210) and  
10xKlenow buffer (NEBuffer 2) 

New England BioLabs, Inc., Ipswich, MA 
USA 

Mayer’s hemalum solution Merck KGaA, Darmstadt, Germany 

Novex Sharp Pre-Stained Protein Standard 
(WB) 

Invitrogen; Life Technologies GmbH,  
Darmstadt, Germany 

Nuclear Fast Red Vector Laboratories, Inc., Burlingame, CA, 
USA 

Nucleotide Removal Kit (EMSA) Qiagen, Hilden, Germany 

Oligo (dT)20 Primer Invitrogen; Life Technologies GmbH,  
Darmstadt, Germany 
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Peroxidase-conjugated streptavidin Dako Deutschland GmbH, Hamburg,  
Germany 

Protease inhibitor cocktail complete Roche Diagnostics Deutschland GmbH, 
Mannheim, Germany 

Protein Assay (Bradford) Bio-Rad Laboratories GmbH, München, 
Germany 

Proteinase K (ISH) Dako Deutschland GmbH, Hamburg,  
Germany 

RNAlater Stabilization Reagent Ambion, Life Technologies GmbH,  
Darmstadt, Germany 

RNase A/T1 Cocktail (ISH) Ambion, Life Technologies GmbH,  
Darmstadt, Germany 

RNase-Free DNase Set Qiagen, Hilden, Germany 

RNeasy Mini Kit Qiagen, Hilden, Germany 

Rotiphorese Gel 30 (Acrylamide) Carl Roth GmbH & Co. KG, Karlsruhe,  
Germany 

SensiFAST SYBR No-ROX Kit Bioline GmbH, Luckenwalde, Germany 

Stripping solution (WB) Fisher Scientific GmbH, Schwerte,  
Germany 

SuperScript III reverse transcriptase Invitrogen; Life Technologies GmbH,  
Darmstadt, Germany 

SYBR Green/ROX qPCR Master Mix SABiosciences; Qiagen, Hilden, Germany 

2.1.3 Antibodies 

Table 1. Antibodies for western blotting and immuno histochemistry 

Antibody against Company Host Blocking Dilution 

Western blotting – primary antibodies 

BMP6  
Abcam1  

(Ab 15640) 
Mouse 5% milk 1:500 

C/EBPα 
Cell Signaling2 

(#2295) 
Rabbit 5% milk 1:1000 

CHOP  
Cell Signaling2 

(#5554) 
Rabbit 5% milk 1:1000 
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FTH1 
Cell Signaling2 

(#3998) 
Rabbit 5% BSA 1:2000 

Hepcidin 

EG(5)-HepN 
Described in [129] Rabbit 5% BSA 1:5000 

pSMAD1/5/8  
Cell Signaling2 

(#9511) 
Rabbit 5% BSA 1:1000 

pSTAT3  
Cell Signaling2 

(#9131) 
Rabbit 5% milk 1:1000 

SMAD1  
Cell Signaling2 

(#9743) 
Rabbit 5% milk 1:1000 

STAT3  
Cell Signaling2 

(#9132) 
Rabbit 5% milk 1:1000 

β-Actin 
Sigma-Aldrich4  

(A1978) 
Mouse 5% milk 1:10000 

Western blotting – secondary antibodies 

Rabbit 

(horseradish peroxi-

dase-labeled) 

Invitrogen5 

(G21234) 
Goat - 1:10000 

Mouse 

(horseradish peroxi-

dase-labeled) 

Invitrogen5 

(G21040) 
Goat - 1:10000 

Immunohistochemistry – primary antibodies 

CHOP 
Cell Signaling2 

(#5554) 
Rabbit 

5% goat 

serum 
1:100 

F4/80 
Abcam1 

(Ab 6640) 
Rat 

5% goat 

serum 
1:100 
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Immunohistochemistry – secondary antibodies 

Rabbit 

(biotinylated) 

Vector6 

(BA-1000) 
Goat - 1:200 

Rat 

(biotinylated) 

Dako7 

(E0468) 
Rabbit - 1:200 

In situ hybridization 

Digoxigenin 

(horseradish peroxi-

dase-labeled) 

Abcam1 

(ab6212) 
Mouse 

5% mouse 

serum 
1:10 

 

1 Abcam plc, Cambridge, UK  
2 Cell Signaling Technology, Inc., Danvers, MA, USA 
3 Novus Biologicals Ltd., Cambridge, UK 
4 Sigma-Aldrich Chemie GmbH, München, Germany 
5 Invitrogen; Life Technologies GmbH, Darmstadt, Germany 
6 Vector Laboratories, Inc., Burlingame, CA, USA 
7 Dako Deutschland GmbH, Hamburg, Germany 

2.1.4 Primers and other oligonucleotides 

Table 2. Primers for PCR and in situ hybridization 

Species Gene 
Forward- and 

Reverse-Primers 

Quantitative RT-PCR 

Mouse Atf4 
5’- AGCCATGGCGCTCTTCACGAAA -3’ 

5’- CCGACTGGTCGAAGGGGGACA -3’ 

 Atf6 
5’- CCGCATTCTCCAGGGTGCTCT -3’ 

5’- CCTCCTGCGGATGGCGTCAAA -3’ 

 Bmp6 
5’- CAACCTATCCCAGATTCCTG -3’ 

5’- TCAGAGTCTCTGTGCTGATG -3’ 

 Cebpα 
5’- GCAAAGCCAAGAAGTCGGTG -3’ 

5’- GGTCATTGTCACTGGTCAAC -3’ 
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 Col1a1 (Collagen I) 
5’- TGAAGAACTGGACTGTCCCAACC -3’ 

5’- GGGTCCCTCGACTCCTACATCTT -3’ 

 Creb3l3 (CREBH) 
5’- GGCTGGAAAGATGGCGTCCCC -3’ 

5’- CCTCGGCCAGCTCCACGTTT -3’ 

 Ddit3 (CHOP) 
5’- GTCCTGTCCTCAGATGAAATTGG -3’ 

5’- GCAGGGTCAAGAGTAGTGAAGGTT -3’ 

 
Fth1 (ferritin, heavy 

polypeptide 1) 

5’- GAAACCAGACCGTGATGACT -3’ 

5’- CAATGAAGTCACATAAGTGGGG -3’ 

 Hamp (Hepcidin) 
5’- AACAGATACCACACTGGGAA -3’ 

5’- CCTATCTCCATCAACAGATG -3’ 

 Hfe 
5’- GTAAGGTCACGAAGTTGGGA -3’ 

5’- CTCCAGTTTAGTGTCTTGGG -3’ 

 Hfe2 (HJV) 
5’- TGCCAGAAGGCTGTGTAAGG -3’ 

5’- TCTAAATCCGTCAAGAAGACTCG -3’ 

 Hspa5 (GRP78) 
5’- TCATCGGACGCACTTGGAA -3’ 

5’- CAACCACCTTGAATGGCAAGA -3’ 

 Il6 (Interleukin 6) 
5’- TCGGAGGCTTAATTACACATGTTCT -3’ 

5’- GCATCATCGTTGTTCATACAATCA -3’ 

 Rpl7 (L7) 
5’- GAAAGGCAAGGAGGAAGCTCATCT -3’ 

5’- AATCTCAGTGCGGTACATCTGCCT -3’ 

 Slc11a2 (DMT1) 
5’- CATGCTGACCTCTTTCCCAG -3’ 

5’- CTGGCCAGAATAGGTTCCAG -3’ 

 Slc40a1 (FPN1) 
5’- GGGGGATCGGATGTGGCACT -3’ 

5’- CCAGTGACGTCTGGGCCACTTT -3’ 

 Tfr1 
5’- TGGCTGAAACGGAGGAGACAGA -3’ 

5’- TGGCTCAGCTGCTTGATGGTGT -3’ 

 Tfr2 
5’- CCAGGCAGTGGCTCAGCTCG -3’ 

5’- GTCAGCCCGCGCTCCTTGAG -3’ 

  



MATERIALS AND METHODS 

 

34 

 

Human DDIT3 (CHOP) 
5’- GCCTTTCTCTGGGACACTGTCCAGC -3’ 

5’- CTCGGCGAGTCGCCTCTACTTCCC -3’ 

 HAMP (Hepcidin) 
5’- CTGCAACCCCAGGACAGAG -3’ 

5’- GGAATAAATAAGGAAGGGAGGGG -3’ 

 RPLPO 
5’- GCAATGTTGCCAGTGTCTGT -3’ 

5’- GCCTTGACCTTTTCAGCAAG -3’ 

Semiquantitative PCR 

Mouse Xbp1 
5’- GAACCAGGAGTTAAGAACACG -3’ 

5’- AGGCAACAGTGTCAGAGTCC -3’ 

In situ hybridization 

Mouse Hamp (Hepcidin) Primers for antisense probe: 

  

5’- ctaatacgactcactataggg-

CAGCAGAACAGAAGGCATGA -3’ 

5’- GGGGAGGGCAGGAATAAATA -3’ 

  Primers for sense probe: 

  

5’- ctaatacgactcactataggg-

GGGGAGGGCAGGAATAAATA -3’ 

5’- CAGCAGAACAGAAGGCATGA -3’ 

  (small letters indicate T7 promoter sequence) 

CHOP screening 

Mouse 
CHOP-screening 1 

(common) 
5’- ATGCCCTTACCTATCGTG -3’ 

 
CHOP-screening 2 

(mutant reverse) 
5’- AACGCCAGGGTTTTCCCAGTCA -3’ 

 
CHOP-screening 3 

(wild type reverse) 
5’- GCAGGGTCAAGAGTAGTG -3’ 
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Table 3. Oligonucleotides for electrophoretic mobil ity shift assay (EMSA) 

Species Protein DNA-sequence 

Mouse C/EBPα 
5’- CATGGATGGTATTGAGAAATCTG -3’  

5’- CATGCAGATTTCTCAATACCATC -3’ 

 OCT-1 
5’- GCGGACCTGGGTAATTTGCATTTCTAAAAT -3’ 

5’- GCGGATTT TAGAAATGCAAATTACCCAGGT -3’ 

 

All primers and oligonucleotides were purchased from biomers.net GmbH, Ulm, Germany. 

2.2 Methods 

2.2.1 Animals 

For mouse experiments female wild type FVB/N mice were obtained from Charles River La-

boratories International, Inc. (Wilmington, MA, USA); wild type C57BL/6 and CHOP knockout 

(on a C57BL/6 background) mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME, USA). Liver tissues from liver-specific C/EBPα KO (C/EBPα Liv-KO) mice were a kind 

gift from Dr. Fei Li/Dr. Frank J. Gonzalez (National Cancer Institute, Bethesda, MD, USA) 

[51,130]. All animal experiments were approved by the state of Baden-Württemberg in Ger-

many and the University of Ulm animal care committee and were conducted in compliance 

with the German Law for Welfare of Laboratory Animals. 

2.2.1.1 Genotyping of CHOP KO mice 

DNA isolation 

After weaning, a 2 mm piece from tail tips of young mice was collected for genotyping. Previ-

ously, all mice received ear markings in order to assign the correct genotype. 

Genomic DNA from tail tips was prepared using the DNeasy Blood and Tissue Kit (Qiagen) 

according to manufacturer’s instructions. Proteinase K, all buffers and DNeasy mini spin sili-

ca gel columns were provided with the kit. Briefly, tail pieces were digested in a mixture of 

ATL buffer, an optimized buffer for tissue lysis, and the enzyme proteinase K at 56°C over-

night. Proteinase K is a subtilisin-type protease, which cleaves proteins at the carboxyl side 

of hydrophobic, aliphatic and aromatic amino acids. After digestion, AL buffer and 96% etha-

nol was added to precipitate and purify the DNA, samples were transferred to DNeasy mini 

spin columns and centrifuged. The DNA bound to the DNeasy membrane of the column was 

washed two times with AW1 buffer and one time with AW2 buffer to clean DNA from other 
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cell components. In the final step, the columns were centrifuged to remove all buffer leftovers 

and to dry the membrane. For elution of DNA the columns were placed in clean reaction 

tubes and 100 µl AE buffer (pH 9.0; 10 mM Tris, 0.5 mM EDTA) or water was pipetted direct-

ly onto the membrane. The low salt buffer or water with a pH value above 7.0 destabilized 

DNA-binding at the column and the aqueous conditions, which directly hydrated the DNA, 

loosened the DNA from the column. After incubation for 1 min and short vortexing, the col-

umns were centrifuged to elute isolated DNA. Genomic DNA probes were stored at 4°C or at 

-20°C for long time storage. 

Genotyping 

CHOP deficient mice were genotyped by PCR using genomic DNA isolated from mouse tails 

and primers specific for the WT or KO allele (see chapter 3.1.4, Table 2). The PCR reaction 

was performed with GoTaq Green Master Mix (Promega). Obtained PCR products were 

separated by electrophoresis using 1.5% agarose gel supplemented with 0.5 µg/ml ethidium 

bromide in TAE buffer (pH 8; 40 mM Tris, 20 mM acetic acid, 1 mM EDTA). Ethidium bro-

mide is a dye, which shows an intense fluorescence after intercalation to double-stranded 

DNA. For analysis, the gel was visualized under UV-light. Results show a ~320 bp fragment 

for the CHOP KO allele, a 545 bp fragment for the CHOP WT allele and both fragments for 

the heterozygote allele. 

 

Reaction mixture (25 µl total) 

GoTaq Green Master Mix 12.5 µl 

Primer (each, 3x), 20 µM 0.25 µl 

DNA template 2 µl 

Nuclease free water 9.75 µl 

 

PCR conditions 

1x 4 min 94°C (initial denaturation of DNA) 

40x 30 s 94°C (denaturation of DNA) 

 45 s 58°C (primer annealing) 

 30 s 72°C (elongation) 

1x 10 min 72°C (final elongation) 

1x forever 4°C (cooling) 
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2.2.2 In vivo mouse models 

2.2.2.1 Induction of chronic liver damage 

Chronic liver fibrosis was induced in two-month old, female, wild type FVB/N, wild type 

C57BL/6 and CHOP KO (on C57BL/6 background) mice by repeated intraperitoneal (i.p.) 

TAA (100 mg/kg mouse weight diluted in saline) or CCl4 injections (0.2 ml/kg mouse weight 

diluted in olive oil). TAA was administered three times/week for 15 weeks, whereas CCl4 was 

applied twice/week for 12 weeks. 100 µl of the mixture/25 g mouse was injected. Mice were 

sacrificed three (TAA) or four (CCl4) days after the final injection, respectively. Non-treated, 

six-month old, female, wild type FVB/N, wild type C57BL/6 or CHOP KO mice were used as 

controls. 

2.2.2.2 Induction of acute liver damage 

To study the acute effect of TAA, 200 mg/kg mouse weight diluted in saline was injected i.p. 

in two-month old, female, wild type FVB/N, wild type C57BL/6 and CHOP KO (on C57BL/6 

background) mice. 100 µl of the mixture/25 g mouse was injected. Mice were sacrificed one, 

two, four, six and ten days after the injection. Non-treated, two-month old, female, wild type 

FVB/N, wild type C57BL/6 and CHOP KO (on C57BL/6 background) mice were used as con-

trols. 

2.2.2.3 Induction of ER stress 

For ER stress induction, two-month old, female, wild type FVB/N mice were sacrificed 16 

hours after a single i.p. injection of tunicamycin (2 mg/kg mouse weight diluted in DMSO). 

100 µl of the mixture/25 g mouse was injected. Non-treated, two-month old, female, wild type 

FVB/N mice were used as controls. 

 

In all experiments, mice were sacrificed by CO2 inhalation and blood was taken by intracardi-

ac puncture. Livers from all mice were removed, weighed and pieces were put in formalde-

hyde or liquid nitrogen-cooled 2-methylbutane (histological staining), snap frozen in liquid 

nitrogen (biochemical analyses) or submerged in RNAlater Stabilization Reagent. Ala-

nine/aspartate aminotransferase (ALT/AST), alkaline phosphatase (ALP), serum ferritin and 

iron levels were measured in the local clinical chemistry department. For the latter, a colori-

metric ferrozine-based assay was performed on Cobas 6000 analyzer (Roche, Mannheim, 

Germany) as recommended by the supplier. 
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2.2.3 Human specimen 

Biopsies from alcoholic liver disease (ALD) patients and control liver specimens were ac-

quired from Department of Medicine and Center for Alcohol Research, Salem Medical Cen-

ter, University of Heidelberg (a kind gift from Prof. Dr. Sebastian Mueller) and from University 

Hospital Ulm, Germany. All liver specimens were obtained from patients undergoing liver 

biopsy as a part of routine clinical workup. The diagnosis ALD was based on medical history 

and histological presentation in liver biopsy. Samples with a thorough histological evaluation 

that did not reveal any signs of liver disease were used as controls. These patients under-

went liver biopsy due to chronically elevated liver enzyme levels. The studies were approved 

by the local ethic committee of the participating centers and all patients gave informed written 

consent. 

2.2.4 RNA preparation and cDNA synthesis 

2.2.4.1 RNA preparation 

Total RNA was isolated from mouse liver using RNeasy Mini Kit (Qiagen) according to manu-

facturer’s protocol. All buffers and RNeasy mini spin columns were provided in the kit. Liver 

tissue was stored until use in RNAlater Stabilization Reagent at -20°C to stabilize and protect 

cellular RNA in situ. Briefly, approximately 20 mg of tissue was minced in homogenization 

buffer (buffer RLT supplemented with 1% 2-Mercaptoethanol) utilizing a glass homogenizer 

and a further breakup using a syringe and a needle (26 G x 1”). The homogenization buffer 

contains guanidine-thiocyanate, which immediately inactivates RNases to ensure the RNA 

integrity. Before transferring the homogenized samples into RNeasy mini spin columns, one 

volume of 70% ethanol was added to tissue lysates to provide optimal binding of RNA to the 

RNeasy silica membrane. In order to clean bound RNA from undesired cellular fragments, a 

washing step with buffer RW1 was performed. DNA, which was precipitated together with 

RNA, was also bound to membrane. For RT-PCR applications it is advantageous to remove 

all residual DNA. Therefore, the RNase-Free DNase Set (Qiagen) optimized for on-column 

DNase digestion was used. Buffer RDD and DNase I were provided in the set. 80 µl of 

DNase-Mix (70 µl buffer RDD, 10 µl DNase I) was added directly onto the membrane. After 

incubation for 15 min, the columns were washed once with buffer RW1 and twice with buffer 

RPE to efficiently remove DNase and to purify residual RNA. Finally, empty columns were 

centrifuged to remove all buffer leftovers and to dry the membrane. For elution of RNA, the 

columns were placed in clean reaction tubes and 40 µl of RNase-free water was pipetted 

directly onto the membrane. The water hydrated the RNA and served as anion exchanger to 

elute RNA from the column. The columns were centrifuged to elute RNA. To increase RNA 



MATERIALS AND METHODS 

 

39 

 

yield, the eluate was pipetted directly to the membrane again and the columns were centri-

fuged. Concentration of isolated RNA was measured with BioPhotometer (Eppendorf). Total 

RNA probes were stored at -80°C. 

2.2.4.2 cDNA synthesis 

The cDNA is a DNA copy synthesized from messenger RNA (mRNA), which can be used for 

measurement of gene expression by quantitative real-time PCR. The cDNA from isolated 

liver RNA was prepared using the SuperScript III reverse transcriptase (Invitrogen). The re-

spective enzyme, 5 x First-Strand buffer, and DTT were provided in the set. 2 µg of RNA was 

mixed with 1 µl Oligo (dT)20 Primer (Invitrogen, total concentration in the mix: 3.5 µM), 1 µl 

dNTP Mix (PeqLab Biotechnologie GmbH, total concentration in the mix: 0.7 mM) and 

RNase-free water up to a volume of 14 µl. The mixture was heated to 65°C for 5 min to dena-

ture RNA secondary structure and subsequently cooled down on ice for at least 1 min. After 

a brief centrifugation to collect the content of the tubes, 4 µl 5 x First-Strand buffer, 1 µl DTT 

(total concentration in the mix: 5 mM) and 1 µl SuperScript III reverse transcriptase (200 U) 

were added up to a total volume of 20 µl. The reaction mixture was incubated at 25°C for 

5 min to allow annealing of Oligo (dT)20 Primers to RNA following a heating step for 50 min at 

50°C for optimal cDNA synthesis. Subsequently, inactivation of enzyme was performed at 

70°C for 15 min. The cDNA was stored at 4°C for short time or at -20°C for a longer period of 

time. 

2.2.5 Quantitative real-time PCR and semiquantitative PCR 

2.2.5.1 Quantitative real-time PCR (qRT-PCR) 

Quantitative real-time PCR was utilized to measure mRNA expression of specific genes. The 

qRT-PCR was performed with the 7500 Fast Real-Time PCR System (ABI 7500, Applied 

Biosystems) and specific primers for desired target and housekeeping genes (see chap-

ter 3.1.4, Table 2 ). The housekeeping genes mouse-60S ribosomal protein L7 (L7) and hu-

man-large ribosomal protein (RPLPO) were used as internal loading controls. Samples were 

analyzed in duplicates and at least five individual mice were tested for each target gene. The 

SYBR Green/ROX qPCR Master Mix (SABiosciences) was used for amplification and detec-

tion. 1 µl of 1:10 diluted cDNAs was mixed with 5 µl of SYBR Green/ROX qPCR Master Mix 

as well as 3 µl of RNase-free water and pipetted into a MicroAmp Fast Optical 96-well Reac-

tion Plate (Applied Biosystems). Subsequently, 1 µl of a specific primer mix (forward and 

reverse primer of desired gene in RNase-free water, total concentration in reaction mixture 

each 0.3 µM) was added to the reaction mixture for a total volume of 10 µl. The plate was 
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covered with MicroAmp Optical Adhesive Film (Applied Biosystems) to prevent evaporation 

of the reaction components. Mixture of all components was collected at the bottom of the 

plate by centrifugation at 2,000 rpm for 1 min prior to qRT-PCR. 

 

PCR conditions 

1x 10 min 95°C (activation of HotStart DNA Taq polymerase) 

45x 15 s 95°C (denaturation) 

 1 min 60°C (annealing and elongation) 

 

For control of amplification, a melting curve program was run immediately after PCR pro-

gram. SYBR green, a non-specific fluorescent dye that gives a fluorescent signal when inter-

calating with double-stranded DNA, was used for detection of products. At the beginning of 

PCR program, the fluorescence signal is slightly above background, but with increasing 

number of double-stranded DNA the fluorescence signal enhances. DNA quantification was 

done by plotting the fluorescence signal of SYBR green against the number of cycles giving 

an amplification curve. The cycle threshold (Ct), which is used for quantification of negative 

mRNA abundance, indicates the number of cycles at which the fluorescence signal exceeds 

above background (threshold line). 

Human samples were analyzed with LightCycler 480 system using SensiFAST SYBR No-

ROX kit (Bioline) and 384-well plates (LightCycler 480 Multiwell Plate 384, Roche). Other 

than that, the procedure was largely identical with the one described above. 

2.2.5.2 Semiquantitative PCR 

To examine X-box binding protein 1 (XBP1) mRNA splicing, a semiquantitative PCR was 

performed as described before [50]. Primers used are listed in chapter 3.1.4, Table 2 . The 

PCR reaction was performed using the GoTaq Green Master Mix (Promega) and cDNA from 

liver samples as a template. PCR products were separated on a 3% agarose gel supple-

mented with 0.5 µg/ml ethidium bromide in TAE buffer (pH 8; 40 mM Tris, 20 mM acetic acid, 

1 mM EDTA). After running the gel for 3 h at 70 V, bands were visualized under UV-light. 

Results show a 205 bp fragment for the unspliced and a 179 bp fragment for the spliced form 

of XBP1. 

  



MATERIALS AND METHODS 

 

41 

 

Reaction mixture (25 µl total) 

GoTaq Green Master Mix 12.5 µl 

Primer (each, 2x), 20 µM 0.25 µl 

DNA template 1 µl 

Nuclease free water 11 µl 

 

PCR conditions 

1x 2 min 95°C (initial denaturation of DNA) 

35x 30 s 95°C (denaturation of DNA) 

 30 s 50°C (primer annealing) 

 30 s 72°C (elongation) 

1x 5 min 72°C (final elongation) 

1x forever 4°C (cooling) 

2.2.6 Protein extraction and western blotting 

2.2.6.1 Protein extracts 

Protein lysates for western blotting were prepared from mouse liver samples, which were 

snap frozen in liquid nitrogen and stored at -80°C until use. The whole procedure was carried 

out on ice. Approximately 25 mg of tissue were minced in homogenization buffer (pH 7.8; 

50 mM Tris, 150 mM KCl, 3% SDS, 1% NP-40, 0.5% potassium deoxycholate, 1 mM PMSF, 

25 µg/ml spermidine) or RIPA buffer (pH 7.8; 50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% NP-

40, 0.5% sodium deoxycholate, 1 mM PMSF, 25 µg/ml spermidine) additionally supplement-

ed with protease inhibitor cocktail (Roche) and phosphatase inhibitors DTT (1 mM), NAF 

(10 mM), beta glycerophosphate (8 mM) and Na3VO4 (0.2 mM), using a glass homogenizer, 

followed by further breakup using a syringe and a needle (26 G x 1”) as well as sonification. 

After homogenization, tissue lysates were centrifuged at 4°C to remove non-solubilized cellu-

lar debris. When the homogenization buffer was used, protein content of the resulting lysates 

was equalized by performing a coomassie brilliant blue staining of proteins after separation 

on a standard 10% SDS-polyacrylamide gel (see section Western Blotting) or with the Brad-

ford method (see below), when RIPA buffer was used. For electrophoresis, the lysates were 

diluted 1:2 with 4 x SDS loading buffer (pH 6.8; 0.2 M Tris, 0.4 M DTT, 40% glycerol, 8% 

SDS, 0.4% bromphenol blue) and stored until use at -20°C. 
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2.2.6.2 Bradford assay 

Protein content of liver extracts was measured according to Bio-Rad Protein Assay protocol. 

This assay is based on the Bradford method, where the staining solution contains coomassie 

brilliant blue G-250, a dye, which shifts its absorbance maximum from 465 nm to 595 nm in 

an acetic solution when binding to protein occurs. The assay measures the resulting color 

change, which is proportional to protein concentration in the tissue lysates. Briefly, 5 µl of 

protein extracts or different concentrations of BSA protein standard (0 µg/µl-15 µg/µl) were 

mixed with 1 ml Bradford solution (one part Dye Reagent Concentrate diluted with four parts 

deionized water). The mix was vortexed well and incubated for 5 min. Absorbance was 

measured in duplicate at 595 nm. Protein concentration in extracts was estimated according 

to a standard curve with known BSA concentrations. 

2.2.6.3 Western blotting (WB) 

Western blotting was used to detect and quantify specific proteins in tissue lysates. As a pre-

requisite for this method, proteins were separated by polyacrylamide gel electrophoresis 

(PAGE). For this purpose two types of gels with different running conditions were used to 

meet the properties of the analyzed proteins. For hepcidin detection, a tricine-SDS-

polyacrylamide gel electrophoresis system (Tricine-SDS-PAGE) was used. It is the preferred 

electrophoretic system for the resolution of proteins smaller than 30 kDa [131]. For all other 

analyzed proteins, a standard glycine-SDS-polyacrylamide gel electrophoresis (Glycine-

SDS-PAGE) protocol was employed. In both SDS-PAGE types, a resolving gel that sepa-

rates proteins according to size, and a lower percentage stacking gel that ensures the pro-

teins’ simultaneous entry into the resolving gel, were needed. Equal amounts of protein were 

separated. 

Tricine-SDS-PAGE 

For Tricine-SDS-PAGE, the gels were cast between two glass-plates with an internal thick-

ness of 1.0 mm. Tricine-SDS-polyacrylamide gels consisted of three layers. The 16% resolv-

ing gel was directly covered with approximately 5 mm of a 10% spacer gel. The spacer gel 

considerably sharpens the bands for proteins of 1-10 kDa. The 2-propanol was used to flat-

ten the top edge of the gel. The layers were left to polymerize for about 30 min. Subsequent-

ly, 2-propanol was removed and the polymerized gels were overlaid with a 6% stacking gel 

and the comb was inserted. Composition of gels and buffers is listed in Table 4 . 
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Table 4. Preparation of gels and buffers for Tricin e-SDS-PAGE 

for one gel 16% resolving gel 10% spacer gel 6% stacking gel 

Water 312 µl 328 µl 1.5 ml 

Gel buffer * 1.840 ml 264 µl 650 µl 

Glycerol 1.2 g - - 

Acrylamide ** 2.280 ml (C6) 200 µl (C3) 379 µl (C3) 

APS (10%) 25 µl 5 µl 13 µl 

TEMED 5 µl 2 µl 3 µl 
 

*Gel buffer (pH 8.45; 3 M Tris, 0.3% SDS) 

**Acrylamide-C3 (5.5 M acrylamide, 8 mM bis-acrylamide), Acrylamide-C6 (5.5 M acrylamide, 16 mM 

bis-acrylamide) 

 

For electrophoresis of Tricine-SDS-polyacrylamide gels, two running buffers were needed. 

After placing the gels into the vertical electrophoresis apparatus, anode buffer (pH 8.9; 0.2 M 

Tris) was added as the lower electrode buffer and cathode buffer (0.1 M Tris, 0.1 M tricine, 

0.1% SDS) as the upper electrode buffer. The run started after loading the samples at an 

initial voltage of 70 V for about 20 min after which the voltage was increased to 100 V. 

Glycine-SDS-PAGE 

The Glycine-SDS-polyacrylamide gels were also cast between two glass plates with an inter-

nal thickness of 1.0 mm. The polyacrylamide mix for the different resolving gels, depending 

on size of the analyzed protein (see Table 5 ), was poured between the glass plates, covered 

with 2-propanol and allowed to polymerize for at least 30 min. The 2-propanol was removed, 

the solid resolving gel was covered with 4% stacking gel and the comb for pockets was in-

serted. Preparation of gels and buffers is listed in Table 5 . 
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Table 5. Preparation of gels and buffers for Glycin e-SDS-PAGE 

for one gel 10% resolving gel 
(100-50 kDa) 

12% resolving gel 
(60-27 kDa) 

4% stacking gel 
 

Water 2.05 ml 1.7 ml 1.5 ml 

Gel buffer* 1.3 ml 1.3 ml 0.65 ml 

Acrylamide 
(30%) 1.65 ml 2 ml 375 µl 

SDS (10%) 50 µl 50 µl 25 µl 

APS (10%) 25 µl 25 µl 12.5 µl 

TEMED 7.5 µl 7.5 µl 2.5 µl 
 

*Gel buffers are different for resolving and stacking gel: resolving gel buffer (pH 8.8; 1.5 M Tris), stack-

ing gel buffer (pH 6.8; 0.5 M Tris) 

 

The samples were run in electrophoresis buffer (0.1% SDS, 3 mM Tris, 0.2 M glycine) begin-

ning with 70 V for 20 min and continuing with 120 V until samples reached the desired sepa-

ration. 

Coomassie brilliant blue staining 

In order to visualize the separated proteins in the gel, a coomassie brilliant blue staining was 

performed. To that end, the gel was colored in coomassie brilliant blue staining solution (40% 

methanol, 10% acetic acid, 0.4% coomassie brilliant blue G-250) for 20 min. To detect the 

protein bands, the gel was placed in destaining solution (20% methanol, 7% acetic acid) until 

the protein bands were clearly visible. 

Blotting and development 

After separation, the proteins were transferred from gels to a polyvinylidene difluoride 

(PVDF) membrane, which was previously activated with methanol, at 4°C under a constant 

current of 35 mA and a voltage of 100 V for 90 min. The transfer was performed using a wet-

blot-system (Bio-Rad). Afterwards, the membranes were washed one time shortly with TBS 

containing 0.1% Tween 20 (TBST, pH 7.5, 0.1 M Tris, 0.15 M NaCl, 0.1% Tween 20) and 

then blocked with blocking buffer, either with 5% BSA or 5% milk in TBST, for one hour to 

prevent non-specific binding of antibody. Blocked membranes were incubated with specific 

antibody for target protein at 4°C overnight. The next day, after washing four times with 

TBST for 15 min, the membranes were incubated one hour with a respective secondary anti-
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body covalently conjugated with horseradish peroxidase (HRP) to catalyze a chemilumines-

cent reaction. Finally, after washing the membrane four times for 15 min with TBST, an elec-

trochemiluminescence (ECL) substrate (GE Healthcare) was added and specific bands for 

target proteins were visualized by exposing membranes to X-ray films and further develop-

ment of the used film with developing and fixing solution. The ECL reaction is based on a 

combined HRP and hydrogen peroxide catalyzed oxidation of a cyclic diacylhydrazide such 

as luminol under alkaline conditions (all enclosed in ‘ready to use’ ECL substrate). Immedi-

ately after oxidation, the luminol is in an excited state which then decays to ground state via 

a light emitting pathway. The light emission at a wavelength of 428 nm can be detected by 

short exposure to blue-light sensitive autoradiography films. All antibodies including dilutions 

and blocking conditions used for western blotting are listed in chapter 3.1.3, Table 1 . 

2.2.7 Electrophoretic mobility shift assay (EMSA) 

EMSA is a method capable to uncover if one protein or a mixture of proteins is able to bind to 

a given labeled oligonucleotide sequence and is therefore used to study protein-DNA or pro-

tein-RNA interactions. 

In this study the intensity of C/EBPα binding to radioactively labeled oligonucleotides repre-

senting the hepcidin promoter was examined as described previously [132]. To that end, fro-

zen livers were lysed in Bäuerle buffer (20 mM Hepes [pH 7.9], 0.35 M NaCl, 1 mM MgCl2, 

10 mM NaF, 0.5 mM EDTA, 0.1 mM EGTA, 20% glycerol, 1% NP-40, 1 mM DTT) supple-

mented with protease inhibitor cocktail. The lysate was centrifuged at 14,000 rpm for 15 min 

at 4°C, and the supernatant was recovered. EMSA experiments were performed with DNA 

sequences from C/EBPα-binding domain and octamer-binding transcription factor 1 (Oct-1)-

binding domain. Oct-1 was used as loading control, because it is a ubiquitous nuclear protein 

expressed in all eukaryotic cells at relatively constant level with a stable DNA binding activity 

[133]. Utilized DNA sequences are listed in chapter 3.1.4, Table 3 . Associated synthetic sin-

gle stranded oligonucleotides were dissolved in buffer (50 mM Tris [pH 8.0], 70 mM NaCl), in 

equimolar ratio, heated at 90°C for 10 min and were then cooled down slowly overnight. The 

resulting double stranded oligonucleotides (25 pmol/µl) were mixed with labeling mixture 

(3.5 µl [α32-P]dCTP, 1.8 µl of 5 mM dNTPs mix without dCTP (GE Healthcare), 15.7 µl water, 

1 µl Klenow (8 units), 2.5 µl 10 x Klenow buffer) and incubated for 30 min at 30°C. The radio-

labeled oligonucleotides were recovered with Nucleotide Removal Kit (Qiagen). Radioactivity 

was measured with a scintillation counter. Radioactivity of probe was approximately 

100,000 cpm/µl. Liver protein extracts (5 µg, whole cell lysate) were incubated 30 min with 

18 µl of EMSA reaction buffer (10 µl shift buffer [40 mM Hepes-KOH [pH7.9], 0.12 M KCl, 8% 

Ficoll], 1 µl 0.1 M DTT, 1 µl 10 mg/ml BSA, 1 µl 2 µg/ml poly-(dI-dC), 20,000 cpm radio-
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labeled double-stranded oligonucleotides and H2O up to 18 µl). The protein-oligonucleotide 

complexes formed were separated on a native 5% acrylamide gel in TBE (pH 8.0, 89 mM 

Tris, 89 mM boric acid, 2 mM EDTA). The binding of proteins in the liver lysate to the given 

radioactive labeled oligonucleotides was visualized by exposing the gel to X-ray film at -80°C 

overnight. 

2.2.8 Liver iron determination 

For analysis of non-heme iron in the liver, frozen liver samples were weighted and incinerat-

ed at 110°C overnight, following incubation with 1 ml 100 mM citric acid for four hours at 

60°C. After reduction of the trivalent iron with L-ascorbic acid, the iron chelator bathophenan-

throline disulfonate (BPS) was added to give rise to an iron complex, whose concentration 

was determined photometrically at 535 nm. For quantification, a standard curve produced 

with iron (III) nitrate was used. Total iron concentration was expressed as µg iron per g wet 

liver tissue. 

2.2.9 Histological analyses 

Paraformaldehyde-fixed samples were dehydrated in a graded ethanol series, embedded in 

paraffin, and cut into 5 µm thin sections. Sections were either stained with haematoxylin and 

eosin (H&E), picro-sirius red (PSR), Perls’ Prussian blue or were used for immunohistochem-

istry as well as in situ hybridization assays. Afterwards, images were acquired on a Leica 

light microscope equipped with a digital camera and Leica Application Suite software V4.1. 

Prior to every staining the tissues were deparaffinized with xylene and hydrated with de-

scending ethanol-containing solutions (ethanol in deionized water, concentrations: 100%, 

96%, 90%, 80%, 70%). To preserve the liver sections after staining procedure, they were 

mounted. To that end, liver samples were dehydrated with ascending ethanol-containing so-

lutions (ethanol in deionized water, concentrations: 70%, 80%, 90%, 96%, 100%) following 

xylene and then covered with Entellan (Merck) mounting medium and a cover slip. 

2.2.9.1 Haematoxylin and eosin (H&E) staining 

H&E staining was used to analyze liver injury and inflammation. Hematoxylin stained nuclei 

and other basophilic structures blue. Cytoplasm and eosinophilic/acidophilic structures, like 

intracellular or extracellular protein, is colored in various shades of red, pink or orange by 

eosin. Hydrophobic structures, which are usually rich in fats, tend to remain unstained. 

First, hydrated slides were kept 5 min in Mayer’s hemalum solution (Merck), which is a basic 

dye containing haematoxylin, followed by a 10 min washing-step with warm running tap wa-

ter. In a second step, the sections were stained 2 min with Eosin G solution (Merck). Subse-
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quently the probes were washed until the water became clear and then they were dehydrat-

ed and mounted. 

2.2.9.2 Picro-sirius red (PSR) staining 

Picro-sirius-red staining is used to visualize collagen I and III fibers in fibrotic livers in order to 

quantify the extent of liver fibrosis. Fibrosis scoring was performed as described previously 

[134]. For staining, hydrated liver tissues were colored one hour in picro-sirius-red solution 

(picronitric acid solution, 0.1% direct red 80) followed by two times 5 min washing with acidu-

lated water (water supplemented with 0.5% acetic acid), dehydration and mounting. 

2.2.9.3 Perls’ prussian blue staining 

Perls’ Prussian blue staining was performed to dye non-heme iron blue. The staining proce-

dure was performed under completely iron free conditions. Hydrated liver sections were kept 

for 30 min in freshly prepared potassium hexacyano-ferrate(II) trihydrate-staining solution 

(0.5% hydrochloric acid, 1% potassium hexacyano-ferrate(II) trihydrate in deionized water) at 

37°C. For counterstaining, the sections were colored 10 min in nuclear fast red staining solu-

tion (Vector) followed by washing, dehydration and mounting. 

 

For a combination of Perls’ Prussian blue and picro-sirius-red staining, a standard Perls’ 

Prussian blue staining was carried out first (without counterstaining) followed by a standard 

picro-sirius-red staining and subsequent dehydration and mounting. 

2.2.9.4 Immunohistochemistry (IHC) 

CHOP-staining 

In order to analyze CHOP protein expression in situ, an immunohistochemistry staining was 

performed. Hydrated liver tissues were covered 10 min with peroxidase-blocking buffer (3% 

H2O2 in PBS [2 mM NaH2PO4, 8 mM Na2HPO4, 0.15 M NaCl]) followed by a blocking step 

with 5% goat serum in PBS for 30 min to block unspecific protein binding sites. Then, sam-

ples were incubated with a 1:100 dilution of CHOP antibody in 2% goat serum in PBS at 4°C 

overnight. After washing the slides four times 5 min with PBS, the sections were covered with 

a secondary biotinylated anti rabbit antibody (dilution 1:200 in PBS) for 30 min following a 

washing step, four times 5 min with PBS. Next, liver tissues were incubated with horseradish 

peroxidase (HRP)-conjugated streptavidin (1:1000 in PBS) for 30 min and washed again four 

times 5 min with PBS. In this step, streptavidin bound to the biotinylated secondary antibody. 

Binding of the HRP-conjugated streptavidin was subsequently visualized using AEC+ sub-
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strate-chromogen for 30 min. The counterstaining was performed with Mayer’s hemalum so-

lution, in which the sections were kept for 30 sec followed by a 10 min washing step with 

running tap water, dehydration and mounting. Haematoxylin colored nuclei and other baso-

philic structures blue. CHOP protein was stained red. 

F4/80-staining 

The F4/80 staining was undertaken to detect macrophages (F4/80 positive cells) in liver sec-

tions. After hydration, tissue slides were kept in cold citric acid buffer (pH 6; 10 mM citric ac-

id) and heated up for 5 min at 600 W in microwave oven for antigen retrieval. After cooling 

down for 10 min, the slides were washed with water. The next steps are similar to CHOP-

staining. Briefly, sections were incubated in peroxidase-blocking buffer for 10 min followed by 

a blocking step with 5% goat serum in PBS for 30 min. Then, samples were exposed to a 

1:100 dilution of F4/80 antibody in 2% goat serum in PBS at 4°C overnight. The secondary 

biotinylated anti rat antibody (dilution 1:200 in PBS) was kept on the tissue for 30 min. After 

washing out the unbound antibody, the incubation with the HRP-conjugated streptavidin fol-

lowed. For color development an AEC+ substrate-chromogen was added. After counterstain-

ing with Mayer’s hemalum solution, the slides were dehydrated and mounted. Haematoxylin 

colored nuclei and other basophilic structures blue. F4/80 positive cells were stained red. 

 

All antibodies, dilutions and blocking conditions used for immunohistochemistry are listed in 

chapter 3.1.3, Table 1 . 

2.2.9.5 In situ hybridization (ISH) 

Cellular localization of hepcidin mRNA was analyzed by performing in situ hybridization as 

previously described [29]. Every step was carried out in RNA-free conditions and to ensure 

that, DEPC-water (0.1% DEPC in deionized water, sterile) was used for all buffers and dilu-

tions. 

Mouse hepcidin-specific sense and antisense DNA probes were PCR amplified from HepG2 

cDNA using primers with an incorporated T7 recognition site (see chapter 3.1.4, Table 2 ). 

Resulting DNA probes were reversely transcribed by T7 RNA polymerase into RNA probes. 

Afterwards RNA was recovered with QiaQuick PCR clean up (Qiagen) and digoxigenin 

(DIG)-labeled with DIG RNA Labeling Kit (Roche); both procedures were performed accord-

ing to manufacturer’s instructions. Before hybridization of sense and antisense RNA probes 

took place, hydrated tissue sections were covered 10 min with 1% hydrogen peroxidase to 

block endogenous peroxidases and digested 6 min with proteinase K solution (DAKO) at 

37°C to facilitate the RNA binding. After washing with TBS (0.1 M Tris, 0.15 M NaCl), tissues 
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were incubated with the respective probes dissolved in hybridization buffer (500 µl In Situ 

Hybridization Solution (Maxim Biotech, Inc.), each 200 µg/ml DIG-labeled antisense or sense 

probe; denaturation before use: 2 min at 65°C) at 55°C overnight. The next day, slides were 

washed 5 min in 2 x SSC at 45°C following another washing step with 2 x SSC for 3 min at 

room temperature. To remove unbound RNA probes, liver tissues were submerged in 

RNase/T1 solution (1:35 RNase Cocktail (Ambion) in 2 x SSC) for 30 min at 37°C followed 

by two washing steps at 5-8°C with washing solution (5% 20 x SSC, 50% formamide DI) for 

30 min and 20 min, respectively and a third washing step with 0.08 x SSC for 20 min at 55°C. 

After washing with TBST (DAKO) for 3 min, endogenous biotins were blocked with Biotin 

Blocking System (DAKO) according to manufacturer’s instructions. This was followed by a 

second blocking step with mouse serum (5% mouse serum in Blocking buffer (Roche)) for 

30 min to prevent non-specific binding of anti-DIG antibody. Incubation with peroxidase con-

jugated anti-DIG antibody (1:10 in Blocking buffer (Roche)) was performed for 30 min. After 

washing with TBST (DAKO) the signal was intensified and visualized with 3,3’-

diaminobenzidine (DAB) using GenPoint Kit (DAKO) according to manufacturer’s instruc-

tions. For counterstaining, the sections were kept 20 sec in Mayer’s hemalum solution fol-

lowed by two short washing steps with water, dehydration and mounting of the sections. 

Haematoxylin colored nuclei and other basophilic structures blue. Hepcidin mRNA localiza-

tion was depicted in a brown color. 

2.2.10 Statistical analyses 

Parameters are shown as mean ± standard error of the mean (SEM). After testing for normal 

distribution with the Kolmogorov-Smirnoff-test, statistical analysis of quantitative variables 

was performed using the parametrical paired two-tailed Student’s t-test for normally distribut-

ed samples or the non-parametrical Mann-Whitney U-test for samples without normal distri-

bution. To test correlation between hepcidin mRNA and CHOP mRNA levels, the Spearman 

rank correlation test was used. A p-value below 0.05 was considered as statistically signifi-

cant. For statistical analyses the software packages Origin 8.5 or Statistica 8.0 were used. 
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3. Results 

3.1 Chronic thioacetamide and carbon tetrachloride treatments induced 

development of liver fibrosis 

In order to investigate iron metabolism in the context of chronic liver disease, repeated thio-

acetamide (TAA) or carbon tetrachloride (CCl4) administration was used, which both repre-

sent established liver fibrosis mouse models [111,135]. Two-month old, female FVB/N mice 

were i.p. injected with TAA (thrice for 15 weeks) or CCl4 (twice for 12 weeks). The chronic 

TAA treatment induced a gentle increase in liver weight and a moderate elevation of the liver 

enzymes AST, ALT and ALP, which indicated damage of liver cells. On the other hand, CCl4-

treated mice exhibited only a slight increase in liver weight and at the time of analysis, the 

mice displayed normal AST, ALT and ALP levels (Table 6 ). The minimal ALT values docu-

mented in CCl4-treated mice was likely due to the fact that the mice were sacrificed four days 

after the last injection, while TAA-treated animal were analyzed 72 hours after the last injec-

tion. 

 

Table 6. Serum parameters and liver weight of chron ically thioacetamide (TAA)- and carbon 

tetrachloride (CCl 4)-treated FVB/N mice 

 control TAA CCl4 

Number of mice survived/ total 5/5 9/10  6/6   

Liver weight/ body weight [%] 1 5.4 ± 0.1 7.1 ± 0.2 * 5.8 ± 0.2   

ALT [U/ L] 1 31 ± 3  204 ± 21 ** 73 ± 15 * 

AST [U/ L] 1 71 ± 4  195 ± 15 ** 63 ± 7     

ALP [U/ L] 1 76 ± 6  222 ± 16 ** 68 ± 3     
 

ALT – alanine aminotransferase, AST – aspartate aminotransferase, ALP – alkaline phosphatase 
1 Data are expressed as mean ± SEM 

*p<0.05, **p<0.001 (compared to control mice) 

 

To get an overview of the tissue structure and to estimate the content of inflammation in the 

livers of the two fibrosis models an H&E staining was applied. Histologically, both treatments 

showed a mild liver injury/inflammation illustrated by a similar amount of inflammatory cell 

infiltration (Figure 2b/c ). 



RESULTS 

 

51 

 

A picro-sirius red (PSR) staining of liver sections yielded a similar extent of liver fibrosis in 

both models as illustrated by red colored strings of type I collagen in the staining that arose 

in the portal tracts and extended along the periportal areas (Figure 2e/f ). 

 

 
 

Figure 2. Chronic thioacetamide (TAA) and carbon te trachloride (CCl 4) administration led to the 

development of moderate liver fibrosis.  Hematoxylin & eosin (H&E; a-c) and picro-sirius red stain-

ing (PSR; d-f) depicted the histological alterations in livers of chronically TAA- (b/e) and CCl4-treated 

(c/f) FVB/N mice compared to untreated controls (a/d). Scale bar: 100 µm (a-c); 200 µm (d-f). 

 

Furthermore, analysis of the PSR staining according to Scheuer confirmed the similar extent 

of liver fibrosis in both mouse models (Figure 3 ) [134]. Of note, the Scheuer-scoring system 

grade 0 referred to no fibrosis; sections, which displayed grade 1 fibrosis showed enlarged, 

fibrotic portal tracts; and sections exhibiting grade 2 fibrosis contained periportal or portal-

portal septa with intact architecture [134]. In the experiment, no slides with grade 3 (fibrosis 

with architectural distortion, but no obvious cirrhosis) or grade 4 (probable or definite cirrho-

sis) fibrosis/cirrhosis were found. In agreement with the findings presented above, collagen I 

mRNA levels, as assessed by qRT-PCR, were significantly elevated in treated livers, but did 

not differ between both models (Figure 3 ). 
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Figure 3. Chronic thioacetamide (TAA) and carbon te trachloride (CCl 4) administration induced 

moderate liver fibrosis.  (A) The scoring according to Scheuer confirmed the development of moder-

ate liver fibrosis in chronically TAA- or CCl4-exposed FVB/N mice [134]. (B) Quantitative RT-PCR 

analyses revealed significant collagen I mRNA up-regulation in both fibrosis models. Collagen I ex-

pression in non-treated animals was arbitrarily set as 1 and all other levels represent a ratio. (A/B) 

Results are shown as mean ± SEM. At least five mice per group were analyzed. (n. s. = not signifi-

cant) 

 

In summary, chronic TAA and CCl4 administration caused a similar extent of inflammation 

and fibrosis in livers of chronically treated FVB/N mice.  

3.2 Thioacetamide, but not carbon tetrachloride adm inistration led to he-

patic iron overload 

To evaluate hepatic and systemic iron status in TAA- and CCl4-challanged FVB/N mice, 

Perls’ prussian blue staining as well as liver and serum iron measurements were performed. 

Perls’ prussian blue staining colors iron in the tissue blue. The Perls’ prussian blue staining 

was combined with a PSR staining to localize the iron overloaded cells in the context of liver 

fibrosis. This analysis revealed a distinct iron accumulation in cells adjacent to the fibrotic 

septa in both fibrosis models (Figure 4 ). A staining with F4/80 antibody demonstrated, that 

these highly iron overloaded cells near the fibrotic tissue corresponded to macrophages 

(Figure 5 ). F4/80 is a well-characterized membrane protein, which is highly expressed on the 

surface of various macrophages and was therefore used as macrophage marker. In addition, 

Perls’ prussian blue staining revealed that TAA-, but not CCl4-injected mice developed a 

hepatocellular iron accumulation (arrowheads in Figure 4e ). The iron overloaded hepato-

cytes are also located near the fibrotic septa. 
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Figure 4. Thioacetamide (TAA), but not carbon tetra chloride (CCl 4) treatment resulted in hepatic 

iron overload.  A combination of Perls’ prussian blue and picro-sirius red staining depicted an iron 

distribution in livers of chronically TAA- (b/e) and CCl4-injected (c/f) FVB/N mice compared to controls 

(a/c). TAA-, but not CCl4-treated animals displayed hepatocellular iron accumulation (arrowheads in 

e). Scale bar 200 µm (a-c), 50 µm (d-f). 

 

 

 
 

Figure 5. The immunohistochemical staining revealed  a prominent iron accumulation in mac-

rophages of thioacetamide (TAA)- and carbon tetrach loride (CCl 4)-treated FVB/N mice.  Consec-

utive liver sections from untreated control FVB/N mice (a/d) as well as mice chronically challenged 

with TAA (b/e) and CCl4 (c/f) were stained histochemically with Perls’ prussian blue (iron; a-c) or im-

munohistochemically (IHC; d-f) using F4/80 antibody. F4/80 was used as established macrophage 

marker. Scale bar 50 µm. 
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Subsequently, hepatic iron content measurements in wet liver samples of treated and control 

animals were performed. The liver iron determination confirmed the marked increase of total 

iron in livers of TAA-administered mice (p<0.001, Figure 6A ), while CCl4-treated animals 

displayed slightly, yet significantly lower hepatic iron levels compared to controls (p<0.05, 

Figure 4  and Figure 6A ). In terms of other parameters of liver iron overload, TAA-, but not 

CCl4-challanged animals displayed significantly up-regulated H-ferritin mRNA as well as pro-

tein levels in the liver (p<0.01, Figure 6B/C ). H-ferritin presents the major iron-storing protein 

in hepatocytes [14]. 

 

 
 

Figure 6. Thioacetamide (TAA), but not carbon tetra chloride (CCl 4) administration led to hepatic 

iron overload.  Quantification of hepatic iron content (A), H-ferritin mRNA expression (B) and H-ferritin 

protein levels (C) demonstrated a significant increase of the liver iron parameters in chronically TAA-

exposed FVB/N mice compared to untreated and CCl4-administered animals. On the other hand, CCl4-

challenged animals showed significantly lower liver iron levels than control animals. The mRNA ex-

pression/densitometric measurements of H-ferritin in control mice was arbitrarily set as 1 and all other 

levels are shown as ratio. (A/B) Results are shown as mean ± SEM of at least four animals per group. 

(n. s. = not significant) 
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Furthermore, strongly elevated serum iron levels (p<0.001) and serum ferritin (p<0.001) lev-

els were seen in TAA-injected mice, thereby further supporting the hepatic data (Figure 7 ). 

Serum ferritin, which is furthermore known to act as acute phase reactant, was also slightly 

up-regulated in CCl4-treated mice compared to control mice (p<0.05, Figure 7 ). 

 

 
 

Figure 7. Thioacetamide (TAA) treatment led to elev ated serological parameters of iron over-

load.  Chronically TAA-treated FVB/N mice demonstrated a striking increase in serum iron (A) and 

serum ferritin (B) levels compared to controls and carbon tetrachloride (CCl4)-administered animals. 

Serum ferritin was also significantly elevated in chronically CCl4-treated mice compared to controls. 

(A/B) Results are shown as mean ± SEM of at least five animals per group. (n. s. = not significant) 

 

The data revealed that both chronic injury models developed a distinct iron overload in mac-

rophages. In addition, TAA, but not CCl4 administration led to a hepatic and systemic iron 

overload. 

3.3 Thioacetamide-, but not carbon tetrachloride-tr eated mice revealed a 

diminished hepcidin expression 

Given that hepcidin represents the central negative regulator of iron metabolism [124], it was 

tested whether diminished hepcidin levels were responsible for the observed iron overload in 

TAA-administered FVB/N mice. 

Indeed, TAA-, but not CCl4-treated animals displayed a significantly lower hepcidin produc-

tion (Figure 8 ). This was substantiated by a decreased hepcidin mRNA and protein levels in 

mice chronically treated with TAA (p<0.05). For western blot analyses a region-specific hep-

cidin antibody, which detected a band of 8 kDa representing pro-hepcidin in the liver lysates 

of treated and control mice, was used. CCl4-challenged mice showed unaltered hepcidin 

mRNA and protein levels compared to control animals (Figure 8 ).  
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Figure 8. Thioacetamide (TAA)-, but not carbon tetr achloride (CCl 4)-treated FVB/N mice re-

vealed decreased hepcidin expression.  (A) Quantitative RT-PCR analyses showed a reduced hep-

cidin mRNA expression in chronically TAA-treated FVB/N mice, while no change was seen in chroni-

cally CCl4-treated mice compared to controls. Densitometric measurements of prohepcidin western 

blot bands (B) and the representative western blot (C) made with hepcidin antibody EG(5)-HepN, de-

tecting prohepcidin at 8 kDa, confirmed diminished hepcidin levels in livers of TAA-administered ver-

sus CCl4-treated or control animals. B-actin was used as a loading control. (A/B) The mRNA expres-

sion/densitometric measurements of hepcidin in non-treated control animals was arbitrarily set as 1 

and all other levels represent a ratio. Results are shown as mean ± SEM of at least four animals per 

group. (n. s. = not significant) 

 

In order to study the hepcidin expression pattern in the tissue, in situ hybridization experi-

ments on liver sections of chronically TAA-challenged and control mice were performed. In 

this assay DIG-labeled antisense riboprobes recognized hepcidin mRNA in liver sections. 

After the probes were detected by a peroxidase conjugated anti-DIG antibody, binding was 

visualized with DAB resulting in a brown staining. 

The in situ hybridization assay revealed a homogeneous hepcidin distribution in livers of con-

trol mice, while TAA-treated mice displayed a patchy staining with a markedly decreased 

signal in the majority of hepatocytes. A sense probe that was used as negative control re-

vealed no specific staining (Figure 9 ). 
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Figure 9. In situ hybridization revealed a diminished hepcidin produ ction in mice chronically 

administered with thioacetamide (TAA).  In situ hybridization displayed a patchy hepcidin mRNA 

expression in livers of chronically TAA-treated FVB/N mice, while control animals revealed a widely 

homogeneous hepcidin staining. The sense probe, which was used as a negative control, showed no 

specific staining. Scale bar 100 µm. 

 

Altogether, the results showed that the observed iron overload in livers of TAA-treated mice 

was likely due to a markedly reduced hepcidin expression in these mice. 

3.4 Chronic thioacetamide administration strongly i nhibited C/EBP α sig-

naling 

In order to determine the molecular mechanisms leading to the down-regulation of hepcidin 

after chronic TAA treatment, established hepcidin regulators were studied. To that end, the 

BMP/SMAD pathway and the TFR2/HFE iron sensing complex, the inflammatory IL-6 path-

way as well as the key transcription factor C/EBPα were analyzed. To address iron uptake 

and export, TFR1, DMT1 and FPN1 were examined in the livers of both fibrosis models. 

3.4.1 BMP6/SMAD pathway 

In situations of iron overload, hepcidin synthesis is induced via the BMP6/SMAD signaling 

pathway, a pathway which involves HJV and potentially HFE/TFR2 as upstream regulators. 

Inconsistent changes were observed in the BMP6/SMAD pathway after chronic TAA or CCl4 

treatment. TAA-administered animals did not show any alteration in BMP6 mRNA and pro-

tein expression, while a slight up-regulation of SMAD signaling was observed (Figure 10 ). In 
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contrast, CCl4-treated mice displayed a significant down-regulation of BMP6 mRNA and pro-

tein expression (p<0.05), but a moderate activation of SMAD signaling (p<0.05, Figure 10 ). 

 

 
 

Figure 10. Analyses of the iron-regulatory BMP/SMAD  pathway. Quantitative RT-PCR (A) and 

western blot (B) analyses of BMP6 revealed no changes of BMP6 mRNA and protein levels in chroni-

cally thioacetamide (TAA)-treated FVB/N mice, while administration of carbon tetrachloride (CCl4) led 

to a significant down-regulation of BMP6 mRNA and protein. Quantitative RT-PCR of SMAD4 (C) and 

western blot (D) analyses of phosphorylated SMAD 1/5/8 (pSMAD1/5/8) as well as SMAD1 protein 

displayed an activation of SMAD signaling in both fibrosis models. (A-D) The mRNA expres-

sion/densitometric measurements in non-treated control animals was arbitrarily set as 1 and all other 

levels represent a ratio. Results are shown as mean ± SEM of at least four animals per group. 

(n. s. = not significant) 

 

Analyses of the iron sensing complex TFR2/HFE, which is thought to cooperate with the 

BMP6/SMAD pathway, revealed a significant down-regulation of TFR2 mRNA in TAA-
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challenged mice compared to CCl4-exposed and control mice (p<0.01). The HFE mRNA ex-

pression was unchanged in these animals. Both TFR2 and HFE mRNA expression remained 

unaltered in CCl4-treated mice (Figure 11 ). 

 

 
 

Figure 11. Chronically thioacetamide (TAA)-treated FVB/N mice displayed a significantly down-

regulated TFR2 mRNA expression.  (A) Quantitative RT-PCR analyses revealed a significant down-

regulation of TFR2 mRNA expression in chronically TAA-treated FVB/N mice, while mRNA values 

were unchanged in carbon tetrachloride (CCl4)-treated mice compared to controls. (B) The mRNA 

levels of HFE were unaltered in both fibrosis models. (A/B) The mRNA expression in non-treated con-

trol animals was arbitrarily set as 1 and all other levels represent a ratio. Results are shown as mean ± 

SEM of at least five animals per group. (n. s. = not significant) 

 

In summary, the BMP6/SMAD pathway, which presents the best-studied pathway of hepcidin 

regulation, did not account to for the profound hepcidin suppression after chronic TAA admin-

istration. Furthermore, the pronounced down-regulation of TFR2 mRNA in TAA-challenged 

mice, even though the mechanism how TFR2 regulates hepcidin expression is yet not fully 

understood, was also rather unlikely to contribute to hepcidin decrease, because of the con-

trary findings in SMAD1/5/8 phosphorylation. In contrast, a strong activation of the SMAD 

pathway found after CCl4 treatment may contribute to the moderately decreased liver iron 

levels.  

3.4.2 Inflammatory IL-6 pathway 

Hepcidin constitutes a stress-inducible gene, whose production is enhanced by the inflam-

matory IL-6/STAT3 signaling pathway.  

This pathway was significantly activated in CCl4-exposed animals as revealed by elevated 

hepatic IL-6 mRNA (p<0.01) and increased phosphorylated STAT3 protein levels (Figure 12 ). 
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On the other hand, only a moderate increase of phosphorylated STAT3, but no up-regulation 

of IL-6 mRNA was seen after chronic TAA administration (Figure 12 ).  

 

 
 

Figure 12. The IL-6/STAT3 signaling pathway was str ongly activated in chronically carbon tet-

rachloride (CCl 4)-treated FVB/N mice.  (A) Quantitative RT-PCR analyses showed a significant up-

regulation of IL-6 mRNA in CCl4-administered FVB/N mice compared to thioacetamide (TAA)-treated 

and control mice. Densitometric analyses (B) and representative western blots (C) of phosphorylated 

STAT3 (pSTAT3) and STAT3 revealed a significant activation of pSTAT3 signaling in both chronically 

TAA- and CCl4-administered FVB/N mice. B-actin was used as loading control. (A/B) The mRNA ex-

pression/densitometric measurements in non-treated animals were arbitrarily set as 1 and all other 

levels represent a ratio. Results are shown as mean ± SEM of at least four animals per group. 

(n. s. = not significant) 

 

Assuming that the IL-6/STAT3 pathway stimulates hepcidin synthesis, the absence of its in-

duction in TAA-treated mice compared to CCl4-administered animals may partly explain the 

alterations between both models, but cannot be liable for the diminished hepcidin levels in 

TAA-mice. 

3.4.3 C/EBPα signaling 

In the next step, C/EBPα signaling was analyzed, which drives basal hepcidin expression 

[51]. Interestingly, C/EBPα mRNA expression was down-regulated in both fibrosis models 

(Figure 13A ). Likewise C/EBPα protein levels (isoforms p42 and p30) displayed a pro-
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nounced decrease in chronically TAA- as well as CCl4-treated FVB/N mice (Figure 13B/C ). 

Of note, the C/EBPα isoform p42 (size of 42 kDa) constitutes the full length transcription fac-

tor activating the expression of genes such as hepcidin [53,54]. The truncated C/EBPα iso-

form p30 (size of 30 kDa) lacks the N-terminal sequences important for the activation of tran-

scription and it is thought that the formation of the p42/p30 heterodimer inhibits the p42-

mediated transactivation of genes [61]. 

 

 
 

Figure 13. Chronically thioacetamide (TAA)- and car bon tetrachloride (CCl 4)-treated FVB/N mice 

displayed a decreased C/EBP α production.  Quantitative RT-PCR analyses of C/EBPα mRNA (A) 

as well as densitometric measurements (B) of western blot bands of C/EBPα p42 protein levels 

showed a significant down-regulation in both fibrosis models. (C) Representative western blot anal-

yses revealed a marked decrease in C/EBPα protein level (isoforms p30 and p42) in TAA- as well as 

CCl4-challenged FVB/N mice. B-actin was used as loading control. (A/B) The mRNA expres-

sion/densitometric measurements in non-treated animals were arbitrarily set as 1 and all other levels 

represent a ratio. Results are shown as mean ± SEM of at least four animals per group. (n. s. = not 

significant) 

 

In order to determine the activity of the C/EBPα pathway, binding of C/EBPα to hepcidin 

promoter was analyzed with electrophoretic mobility shift assay (EMSA). Therefore, a radio-

labeled double stranded DNA fragment encompassing the wild type C/EBPα binding motif 

was incubated with the nuclear lysate prepared from livers of chronically TAA- or CCl4-
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treated and non-treated FVB/N mice as well as liver-specific C/EBPα KO mice (C/EBPα Liv-

KO). Liver samples from C/EBPα Liv-KO mice were used as negative control.  

Interestingly, TAA-treated animals displayed an almost complete loss of C/EBPα binding 

capacity, while only a mild decrease was seen in CCl4-administered mice (Figure 14 ). To 

confirm the specificity of the analysis, C/EBPα Liv-KO mice showed no C/EBPα binding to 

hepcidin promoter. Oct-1 was used as loading control, because it is a ubiquitous nuclear pro-

tein expressed in all eukaryotic cells at relatively constant level with a stable DNA binding 

activity [133]. 

 

 
 

Figure 14. Binding studies showed a diminished C/EB Pα-binding to hepcidin promoter after 

chronic thioacetamide (TAA) administration.  Electrophoretic mobility shift assay (EMSA) analyses 

(A) and densitometric measurements of EMSA bands (B) displayed a strikingly diminished DNA-

binding ability of C/EBPα to hepcidin promoter after chronic TAA administration, while carbon tetra-

chloride (CCl4)-treated FVB/N mice exhibited only moderately weaker promoter binding. Cell extracts 

from liver-specific C/EBPα knockout mice (C/EBPα Liv-KO) were used as negative control. Oct-1 was 

used as loading control. (B) Densitometric measurements in non-treated animals were arbitrarily set 

as 1 and all other levels represent a ratio. Results are shown as mean ± SEM of two animals per 

group. 
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The impairment of C/EBPα signaling in TAA-treated mice appears to be the major incident, 

triggering hepcidin suppression during liver injury. To better understand the profound inacti-

vation of the C/EBPα pathway in these animals, CHOP was analyzed, a known inhibitor of 

C/EBPα signaling [65,67,68]. By forming heterodimers with C/EBPα, CHOP is thought to acts 

as a dominant-negative regulator of C/EBPα/DNA binding. 

After chronic TAA treatment CHOP was markedly up-regulated on mRNA (p<0.01) as well as 

protein level (p<0.05, Figure 15 ). In contrast, CCl4-treated animals showed no change of 

mRNA expression and only a minimal up-regulation of CHOP protein compared to controls 

(Figure 15 ). 

 

 
 

Figure 15. Chronically thioacetamide (TAA)-treated FVB/N mice showed strongly increased 

CHOP levels.  (A) Quantitative RT-PCR analyses showed a strong up-regulation of CHOP mRNA in 

TAA-exposed FVB/N mice, while the CHOP level in carbon tetrachloride (CCl4)-treated animals re-

mained unaltered compared to controls. Densitometric analyses (B) and representative western blots 

(C) of CHOP protein content confirmed the significant increase of CHOP in chronically TAA-

administered FVB/N mice. CCl4-challenged animals showed a slight increase of CHOP protein values 

compared to controls. B-actin was used as loading control. (A/B) The mRNA expression/densitometric 

measurements in non-treated animals were arbitrarily set as 1 and all other levels represent a ratio. 

Results are shown as mean ± SEM of at least four animals per group. (n. s. = not significant) 

 

A subsequent immunohistochemical staining of CHOP protein confirmed the observed qRT-

PCR and western blot data (see Figure 15 ). The staining demonstrated a higher CHOP sig-
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nal in the liver, especially in the periportal area near to the fibrotic scar tissue, of TAA-

exposed FVB/N mice while no signal was seen in CCl4-treated and control mice (Figure 16 ). 

 

 
 

Figure 16. Immunohistochemical staining revealed a marked CHOP up-regulation in livers of 

chronically thioacetamide (TAA)-administered FVB/N mice (b) compared to carbon tetrachlo-

ride (CCl 4)-treated (c) or non-treated control animals (a).  Arrowheads exemplarily point to hepato-

cytes with elevated CHOP levels. Scale bar 100 µm. 

 

Even though a diminished C/EBPα expression was detected in both fibrosis models, 

C/EBPα-binding to hepcidin promoter was obviously lower in TAA- compared to CCl4-

challenged animals. Therefore, I wondered if the increased CHOP levels, which are known to 

disturb C/EBPα-DNA binding [65,67,68], might account for this finding as well as for the re-

duced hepcidin levels in TAA mice. 

3.4.3.1 ER stress and UPR 

UPR is a specific stress response pathway, which is stimulated in the ER by impaired protein 

folding to protect the cells from harmful unfolded or misfolded proteins. 

Since CHOP is well-known as one of the most inducible genes by UPR [66,73], the extent of 

UPR was tested in both mouse models. None of the analyzed UPR markers such as GRP78, 

ATF6, ATF4 as well as XBP1-splicing were increased in TAA-administered animals suggest-

ing that the CHOP elevation is not due to UPR. In CCl4-exposed FVB/N mice a moderate up-

regulation of GRP78 and a minor elevation of ATF6 were found. But no changes in other 

UPR markers were observed (Figure 17 ). 
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Figure 17. CHOP up-regulation after chronic thioace tamide (TAA) administration was not due to 

unfolded protein response (UPR). Quantitative RT-PCR analyses of GRP78 (A), ATF6 (B) and 

ATF4 (C), as well as semiquantitative PCR analyses of XBP1-splicing (D) revealed no sign of UPR 

after chronic TAA treatment. Chronically carbon tetrachloride (CCl4)-challenged mice showed in-

creased GRP78 (A) as well as slightly up-regulated ATF6 (B) and ATF4 (C) levels, but no signs of 

XBP1-splicing (D). XBP1 u and XBP1 s refer to unspliced and spliced form of XBP1, respectively. 

Tunicamycin (TM)-treated animals were used as a positive control. (A-C) The mRNA expression in 

non-treated animals was arbitrarily set as 1 and all other levels represent a ratio. Results are shown 

as mean ± SEM of at least five mice per group. (n. s. = not significant) 

 

Recently, CREBH-induction during ER stress was shown to activate hepcidin expression 

[50]. The mRNA analyses demonstrated a significantly suppressed CREBH expression after 

chronic TAA treatment (p<0.001), while CCl4-challanged FVB/N mice showed unaltered 

CREBH levels compared to control animals (Figure 18 ). As well, no ER stress activation 

could be revealed in both fibrosis models, verifying the findings above. Furthermore, since 

CREBH stimulates hepcidin synthesis in response to UPR [50], the absence of CREBH in-

duction in TAA-treated mice cannot contribute for the TAA-mediated hepcidin suppression. 
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Figure 18. CREBH mRNA expression was suppressed aft er chronic thioacetamide (TAA) ad-

ministration.  Quantitative RT-PCR analyses displayed a significant down-regulation of CREBH 

mRNA in TAA-administered FVB/N mice compared to carbon tetrachloride (CCl4)-treated and control 

animals. The mRNA expression in controls was arbitrarily set as 1 and all other levels represent a 

ratio. Results are shown as mean ± SEM of at least five animals per group. (n. s. = not significant) 

3.4.4 Iron uptake and export 

In order to complete the characterization of iron metabolism in the two chronic liver fibrosis 

mouse models, hepatic genes, which mediate iron uptake and export were studied.  

TFR1 mRNA expression, which binds TF-bound iron for its cellular uptake, was up-regulated 

(p<0.05) and the expression of FPN1 mRNA, that is responsible for iron export, was sup-

pressed (p<0.05) in both fibrosis models (Figure 19) . A difference between the two models 

was observed in DMT1 expression, an active metal-ion transporter. While DMT1 mRNA was 

markedly increased after CCl4 challenge (p<0.05), its expression was significantly diminished 

in chronically TAA-treated mice (p<0.05, Figure 19 ). 
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Figure 19. Changes in genes, which coordinate iron uptake and export in thioacetamide (TAA)-

challenged FVB/N mice.  (A) Quantitative RT-PCR analyses of TFR1 mRNA revealed an increase in 

TFR1 expression in both fibrosis models. (B) The qRT-PCR analyses of DMT1 mRNA expression 

showed a significant down-regulation after TAA treatment, while a strong up-regulation was demon-

strated in carbon tetrachloride (CCl4)-administered FVB/N mice. (C) The qRT-PCR analyses showed 

suppressed FPN1 mRNA levels in both fibrosis models. (A/B/C) The mRNA expression in non-treated 

animals was arbitrarily set as 1 and all other levels represent a ratio. Results are shown as mean ± 

SEM of at least five mice per group. (n. s. = not significant) 

3.5 Long-lasting hepcidin suppression after acute t hioacetamide-induced 

liver damage 

In order to study the mechanisms underlying TAA-mediated hepcidin suppression, a single 

TAA injection in FVB/N mice was performed. The mice were analyzed one, two, four, six and 

ten days after the injection. The acute TAA injection resulted in a strong liver injury peaking 

at day two as illustrated by the dramatically increased ALT levels (Figure 20 ). The ALT lev-

els dropped excessively four days after the injection (Figure 20 ). 
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Figure 20. Single thioacetamide (TAA) injection in FVB/N mice induced a significant liver injury.  

Serum alanine aminotransferase (ALT) levels were measured at several time points after a single TAA 

injection and compared with control animals. Four days after TAA injection ALT values returned large-

ly to normal levels. Results are shown as mean ± SEM of at least five mice per group. (*p<0.05, 

**p<0.001) 

 

Moreover, the single TAA injection induced a long-lasting (>6 days) suppression of hepcidin 

mRNA, which outlasted the transient elevation of ALT levels (Figure 21 ). The maximal hep-

cidin mRNA suppression was observed two days after TAA injection (Figure 21 ). 

 

 
 

Figure 21. Single thioacetamide (TAA) injection in FVB/N mice led to a long-term hepcidin sup-

pression.  Hepcidin mRNA was determined at indicated time points after a single TAA injection. Maxi-

mal hepcidin suppression was observed after two days and was still significant until six days after the 

injection. The horizontal grey line represents the hepcidin value of control mice to illustrate hepcidin 

suppression. Hepcidin mRNA expression in non-treated animals was arbitrarily set as 1 and all other 

levels represent a ratio. Results are shown as mean ± SEM of at least five mice per group. (*p<0.05, 

**p<0.01) 

 

In addition, a single TAA injection was sufficient to induce a profound and long-lasting iron 

accumulation in macrophages, while no hepatocellular iron accumulation was found (Figure 
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22). The presence of strongly iron-overloaded non-epithelial cells peaked six days after the 

acute TAA injection. 

 

 
 

Figure 22. Single thioacetamide (TAA) injection in FVB/N mice resulted in iron accumulation 

within macrophages.  Perls’ prussian blue staining was performed on sections from mouse liver be-

fore (a), four days (b), six days (c) and ten days (d) after a single TAA injection. Six days after the 

acute TAA injection a maximum of iron-overloaded macrophages were observed near the portal and 

periportal area. Scale bar 200 µm. 

3.6 CHOP ablation attenuated acute thioacetamide-in duced hepcidin 

suppression 

In order to further analyze the involvement of CHOP in hepcidin suppression after TAA-

induced liver damage, the impact of TAA administration on iron metabolism was studied in 

CHOP KO mice. Given that CHOP KO mice were only available on C57BL/6 background and 

the genetic background influences iron metabolism [136-140], it was first tested weather the 

TAA-induced changes in iron homeostasis in FVB/N WT mice can be reproduced in C57BL/6 

WT mice. All subsequent analyses were performed with mouse livers from FVB/N WT and 

C57BL/6 WT as well as CHOP KO mice (on C57BL/6 background) sacrificed two days after 

the acute TAA treatment, which represents the time point with the lowest hepcidin mRNA 

levels in FVB/N mice (see Figure 21 ).  

A severe liver damage, as demonstrated by strongly increased ALT values, was observed in 

all acute TAA-challenged mice with a noticeable difference in intensity between FVB/N WT 

mice (ALT: 3574 U/L) and the animals on C57BL/6 background (ALT: 1523 U/L and 2114 U/L 

in C57BL/6 WT and CHOP KO mice, respectively) (Figure 23 ). 
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Figure 23. Acute thioacetamide (TAA) treatment of F VB/N, C57BL/6 and CHOP KO mice induced 

a massive liver injury. Serum alanine aminotransferase (ALT) levels were measured two days after a 

single TAA injection in wild type FVB/N, C57BL/6 and CHOP KO mice and compared to corresponding 

untreated control animals (Con). Results are shown as mean ± SEM of at least four mice per group. 

 

Similarly to the chronic impact, hepcidin expression after acute TAA-induced liver damage 

was significantly decreased in FVB/N WT (p<0.05) and C57BL/6 WT mice (p<0.001) com-

pared to controls, while no difference in hepcidin mRNA expression was noted in CHOP KO 

mice two days after single TAA injection (Figure 24 ). Of note, hepcidin expression in non-

treated FVB/N mice was twofold higher than in animals on C57BL/6 background (C57BL/6 

WT and CHOP KO mice) (Figure 24 ). 

 

 
 

Figure 24. CHOP contributes to thioacetamide (TAA)- mediated hepcidin suppression.  The ex-

tent of TAA-induced CHOP-mediated hepcidin mRNA suppression was evaluated in non-transgenic 

FVB/N and C57BL/6 as well as CHOP knockout (CHOP-KO) mice two days after a single TAA admin-

istration using quantitative RT-PCR analyses. Hepcidin mRNA expression in non-treated FVB/N mice 

was arbitrarily set as 1 and all other levels represent a ratio. Results are shown as mean ± SEM of at 

least four animals per group. (n. s. = not significant) 
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In agreement with the findings above, C/EBPα down-regulation and CHOP up-regulation was 

seen two days after acute TAA-induced liver damage in FVB/N WT and C57BL/6 WT mice 

(Figure 25 ). CHOP KO mice showed no change in C/EBPα mRNA expression compared to 

untreated animals (Figure 25 ). 

 

 
 

Figure 25. Acute thioacetamide (TAA) treatment of F VB/N and C57BL/6 mice strongly increased 

CHOP expression.  Quantitative RT-PCR analyses revealed a decrease of C/EBPα mRNA expression 

(A) and an increase of CHOP mRNA levels (B) in both wild type FVB/N and C57BL/6 mice two days 

after single TAA challenge. CHOP knockout mice (CHOP-KO) showed no alteration of C/EBPα mRNA 

values. The mRNA expression in non-treated FVB/N animals was arbitrarily set as 1 and all other lev-

els represent a ratio. Results are shown as mean ± SEM of at least four animals per group. (n. s. = not 

significant) 

 

A strongly activated inflammatory IL-6 pathway, as demonstrated by dramatically increased 

IL-6 mRNA levels and markedly up-regulated STAT3 signaling due to increased phosphory-

lation of STAT3, was noted in FVB/N mice two days after acute TAA injection (Figure 26 ). In 

contrast, the animals on C57BL/6 background (C57BL/6 WT and CHOP KO mice) displayed 
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only a slight increase in IL-6 mRNA values, but similarly to FVB/N mice, a strong up-

regulation of STAT3 signaling (Figure 26 ). 

 

 
 

Figure 26. Single thioacetamide (TAA) injection led  to activation of the inflammatory IL-6/STAT3 

pathway.  Quantitative RT-PCR analyses of IL-6 mRNA (A) and densitometric measurements of west-

ern blot bands of phosphorylated STAT3 (pSTAT3) and STAT3 (B) displayed a significant up-

regulation of the inflammatory IL-6/STAT3 pathway two days after single TAA administration com-

pared to non-treated controls (Con). The mRNA expression/densitometric measurements in non-

treated FVB/N mice were arbitrarily set as 1 and all other levels represent a ratio. Results are shown 

as mean ± SEM of at least four animals per group. (n. s. = not significant) 

 

TAA-administered FVB/N WT and C57BL/6 WT mice did not show any alteration of SMAD 

signaling two days after the treatment (Figure 27 ). In contrast, TAA-administered CHOP-

KOs displayed an attenuated SMAD phosphorylation (p<0.05), which may (in addition to 

CHOP absence) account for the hepcidin suppression (Figure 27 ). 
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Figure 27. Single thioacetamide (TAA) injection led  to attenuated SMAD phosphorylation in 

CHOP knockout mice (CHOP-KO).  Densitometric measurements of western blot bands of phosphor-

ylated SMAD1/5/8 (pSMAD1/5/8) and SMAD1 revealed no alteration of SMAD signaling in wild type 

FVB/N and C57BL/6 mice two days after a single TAA administration compared to non-treated con-

trols (Con). In contrast, CHOP KO mice displayed attenuated SMAD phosphorylation after acute TAA 

treatment. The densitometric measurements in non-treated FVB/N mice were arbitrarily set as 1 and 

all other levels represent a ratio. Results are shown as mean ± SEM of at least four animals per group. 

(n. s. = not significant) 

3.7 Chronic thioacetamide treatment of wild type C5 7BL/6 and CHOP 

knockout mice 

To test, whether CHOP contributes to the TAA mediated iron overload in chronic conditions, 

repeated TAA injections were performed in C57BL/6 WT (WT) and CHOP KO (KO) animals. 

The WT and KO mice were treated, similar to FVB/N mice, i.p. with TAA for 15 weeks and 

analyzed three days after the last injection.  

The chronic TAA treatment induced a mild increase in liver weight and a moderate elevation 

of ALT levels in both WT and KO mice (Table 7 ). 
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Table 7. Serum parameters and liver weight of chron ically thioacetamide (TAA)-treated wild 

type C57BL/6 (WT) and CHOP knockout (KO) mice 

 WT control WT TAA KO control KO TAA 

Number of mice survived/ total 4/4 8/8    4/4 8/8   

Liver weight/ body weight [%] 1 5.0 ± 0.1 6.8 ± 0.2 ** 5.3 ± 0.2 6.6 ± 0.1 * 

ALT [U/ L] 1 67 ± 7  193 ± 25 *   58 ± 7  148 ± 12 ** 
 

ALT – alanine aminotransferase 
1 Data are expressed as mean ± SEM 

*p<0.01, ** p<0.001 (compared to control mice) 

 

Histologically, the TAA treatment of WT and KO mice displayed a mild liver inju-

ry/inflammation, similar to the chronically TAA-challenged FVB/N mice. This was indicated 

through the observation of infiltrated mononuclear cells, which could be observed in H&E 

staining in WT and KO animals compared to untreated controls (Figure 28 ). 

 

 
 

Figure 28.  Chronic thioacetamide (TAA) administration led to t he development of a mild liver 

injury in wild type C57BL/6 (WT) and CHOP knockout (KO) mice.  Hematoxylin & eosin (H&E) de-

picted the histological alterations in livers of chronically TAA-treated animals (b/d) compared to un-

treated controls (a/c). Scale bar: 100 µm. 

 

In order to assess iron status in livers of chronically TAA-treated WT and KO mice, a com-

bined Perls’ prussian blue and PSR staining as well as serum and liver iron measurements 

were performed. Studies of hepatic iron deposition exhibited an iron overload in cells adja-
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cent to the fibrotic area in chronically TAA-challenged WT and KO mice (Figure 29e/k ). In 

addition to that, Perls’ prussian blue staining revealed that TAA administration in WT mice, 

but not in KO mice induced a secondary hepatocellular iron accumulation (arrowheads in 

Figure 29f ). These iron overloaded hepatocytes are also located near the fibrotic tissue. 

Quantitative morphometry of PSR staining revealed a strong extent of mostly bridging liver 

fibrosis after TAA treatment in both WT and KO mice (Figure 29d/j ), while fibrotic expansion 

in chronically TAA-administered FVB/N mice was less pronounced (see Figure 2 ). 

 

 
 

Figure 29. Chronic thioacetamide (TAA) treatment of  wild type C57BL/6 (WT) mice resulted in 

hepatic iron accumulation.  A combination of Perls’ Prussian blue and picro-sirius red staining de-

picted an iron deposition in livers of TAA challenged WT (a-f) and CHOP knockout (KO) mice (g-h). 

TAA-treated WT mice showed a moderate iron accumulation in the liver. Scale bar 200 µm (a, d, g, h); 

100 µm (b, e, h, k); 50 µm (c, f, i, l). 
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In agreement with the findings observed in the histological staining, collagen I mRNA levels, 

as assessed by qRT-PCR, were significantly elevated in TAA-treated livers of WT and KO 

mice (Figure 30 ). Compared to chronically TAA-challenged FVB/N mice, the TAA-treated 

mice on C57BL/6 background (WT and KO) displayed about threefold higher collagen I 

mRNA values, which confirmed the histological results (see Figure 3 ). 

 

 
 

Figure 30. Collagen I mRNA expression was up-regula ted in chronically thioacetamide (TAA)-

treated wild type C57BL/6 (WT) and CHOP knockout (K O) mice.  Quantitative RT-PCR analyses 

revealed a significant collagen I mRNA increase after chronic TAA administration in WT and KO mice. 

The mRNA expression in non-treated WT animals was arbitrarily set as 1 and all other levels repre-

sent a ratio. Results are shown as mean ± SEM of at least four animals per group. (n. s. = not signifi-

cant) 

 

Further analyses of iron metabolism revealed significantly increased serum iron (p<0.01) and 

serum ferritin (p<0.05) levels in TAA-injected WT mice, while KO mice did not show any 

change in serum parameters of iron metabolism after chronic TAA challenge (Figure 31 ). 
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Figure 31. CHOP ablation attenuated the thioacetami de (TAA)-mediated elevation of serum iron 

and ferritin. Chronic TAA administration in wild type C57BL/6 (WT) mice showed a significant in-

crease of serum iron (A) and serum ferritin (B) levels, while serum values in chronically TAA-treated 

CHOP knockout (KO) mice remained unchanged. Results are shown as mean ± SEM of at least four 

animals per group. (n. s. = not significant) 

 

Further analyses of the hepatic iron content confirmed the histological and serological data. 

Chronically TAA-challenged WT mice revealed a significant increase of liver iron (p<0.001) 

(Figure 32A ). In contrast, KO mice showed significantly higher hepatic iron levels than WT 

animals, but only a very slight increase of hepatic iron content after chronic TAA exposure 

(Figure 32A ). Of note, the overall basic liver iron content in untreated FVB/N mice (344 µg 

Fe/g wet liver tissue) was about four times higher than in untreated WT C57BL/6 mice (79 µg 

Fe/g wet liver tissue). A gentle elevation of H-ferritin mRNA levels was seen in livers of WT, 

but not KO mice after chronic TAA administration (Figure 32B/C ).  
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Figure 32. CHOP ablation attenuated thioacetamide ( TAA)-mediated accumulation of liver iron.  

(A) Quantification of hepatic iron content demonstrated a significant increase in chronically TAA-

exposed wild type C57BL/6 (WT) mice, while CHOP knockout (KO) mice displayed higher basal iron 

levels, but no elevation after TAA. Quantitative RT-PCR analyses (B) and densitometric measure-

ments (C) of western blot bands of H-ferritin revealed a slight up-regulation of hepatic H-ferritin ex-

pression in WT, but not KO mice. The mRNA expression/densitometric measurements in non-treated 

WT mice were arbitrarily set as 1 and all other levels represent a ratio. Results are shown as mean ± 

SEM of at least four animals per group. (n. s. = not significant) 



RESULTS 

 

79 

 

3.8 CHOP mRNA expression negatively correlated with  hepcidin levels in 

patients with alcoholic liver disease 

In order to test whether CHOP might be of importance for hepcidin suppression in human 

liver disease, a cohort of patients with chronic ALD was analyzed, given that this condition is 

associated with iron overload due to suppressed hepcidin levels [124,141]. The patient´s and 

histological data are summarized in Table 8 . Elevated liver transaminase levels (ALT/AST) 

and gamma glutamyl transpeptidase (GGT) indicate the presence of an alcohol-induced liver 

injury. Slightly higher AST levels were observed, even though it doesn’t fit the classic pattern 

of AST/ALT>2, which is typically found in ALD patients. Of note, the patients analyzed here 

were non-cirrhotic as demonstrated by the average fibrosis score obtained from liver biop-

sies. GGT levels were highly raised in ALD patients, which is a further indicator of chronic 

alcohol intoxication. No elevated bilirubin levels were found in patients indicating a sufficient 

metabolic liver function. 

 

Table 8. Characteristics of alcoholic liver disease  (ALD) patients and control subjects 

 controls ALD patients 

Number of Samples Male/Female 4/4 29/10 

Age * 42 ± 10 48 ± 8 

ALT [U/ L] * 47 ± 7 88 ± 16 

AST [U/ L] * 38 ± 9 94 ± 12 

ALP [U/ L] * 87 ± 11 86 ± 8 

GGT [U/ L] * 85 ± 29 564 ± 148 

Bilirubin [mg/dl] * 7 ± 1 3 ± 1 

Inflammation stage * 0 ± 0 1.3 ± 0.6 

Fibrosis stage * 0.1 ± 0.2 2.5 ± 0.5 
 

ALT – alanine aminotransferase, AST – aspartate aminotransferase, ALP – alkaline phosphatase, 

GGT – gamma glutamyl transpeptidase 

* Data are expressed as mean ± SEM 

 

As expected, hepatic hepcidin mRNA levels were down-regulated in ALD subjects (p<0.05, 

Figure 33A ), while CHOP was significantly up-regulated (p<0.005, Figure 33B ). Moreover, a 
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significant negative correlation between both parameters was observed (Spearman R = -0.44, 

p<0.01, Figure 33C ). 

 

 
 

Figure 33. CHOP was up-regulated in patients with a lcoholic liver disease (ALD) and negatively 

correlated with hepcidin expression.  Hepcidin (A) and CHOP (B) mRNA expression in livers of 8 

control subjects and 39 patients with ALD were determined using quantitative RT-PCR. The mRNA 

expression in control subjects was arbitrarily set as 1 and levels in ALD patients represent a ratio. (C) 

Spearman rank correlation test revealed a significant negative correlation between mRNA levels of 

hepcidin and CHOP. 
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4. Discussion 

4.1 Thioacetamide-, but not carbon tetrachloride-tr eated mice represent a 

great model of liver-injury associated hepatic iron  overload 

In this study, the regulation of iron metabolism during livaer injury was analyzed using carbon 

tetrachloride (CCl4) and thioacetamide (TAA) administration, which represent established 

murine liver injury models [111,135]. 

Mice chronically administered with TAA developed an approximately twofold increase in he-

patic iron content. The observed iron overload was rather mild especially when compared 

with animal models of hereditary hemochromatosis such as HFE or hepcidin knockout (KO) 

mice, which often display ten times higher iron concentrations in the liver compared to non-

transgenic littermates [37,142-145]. On the other hand, the data was similar to the liver iron 

gain seen in rat models of alcohol-induced liver injury, i.e. animals fed a Lieber-DeCarli diet 

or alcohol in agar blocks (agar-block model) for eight weeks, where an about twofold in-

crease was noted [63,146,147]. However, these models seem inconsistent, since many au-

thors showed no iron overload or even decreased liver iron contents, even when the alcohol 

was administered for an extended period of time [64,147,148]. The lack of iron overload in 

the CCl4 model was consistent with two previous reports [147,149]. Moreover, no other non-

transgenic animal model of hepatic injury-associated iron overload has been described [150-

152]. Therefore, TAA administration represents a unique model of liver injury-associated iron 

overload, which will become useful to understand the human situation. In support of that, the 

iron overload seen in human chronic liver diseases is rather mild when compared to patients 

with hemochromatosis, in whom a 50 times or even higher increase in hepatic iron content 

can be seen [153,154]. For example, a nearly twofold increase in hepatic iron accumulation 

was reported in individuals with alcoholic liver disease (ALD) and a fivefold rise was ob-

served in subjects with alcoholic end-stage liver disease [155,156]. Of note, comparable he-

patic iron concentrations were observed in patients with chronic hepatitis C (HCV), while 

lower values are typically noted in subjects with non-alcoholic steatohepatitis (NASH), even 

though a subgroup of these patients might also develop a significant iron overload – a condi-

tion termed as dysmetabolic iron overload syndrome (DIOS) [126,157,158].  

To better define the changes in the systemic iron metabolism, serum ferritin levels were 

measured, which are commonly used to estimate the total body iron stores [159]. As ex-

pected, serum ferritin values in most cases were concordant to the observed hepatic iron 

contents. In particular, mice chronically administered with TAA revealed up to a twofold in-



DISCUSSION 

 

82 

 

crease in serum ferritin values (i.e. levels up to 900 µg/L), while the minimally elevated serum 

ferritin levels in CCl4-treated mice were most likely because ferritin also represents a stress-

inducible protein. On the other hand, the serum ferritin values in TAA animals were much 

lower than the levels documented in hemochromatosis mouse models, which showed a ten 

times or even higher increase (i.e. values of more than 10,000 µg/L) [37,160]. Once more, 

the levels seen in TAA-administered mice matched with the values reported in a rat model of 

alcohol-induced liver injury, while again, the data on this model are inconsistent since other 

studies reported decreased serum ferritin levels [64,147]. Similarly, controversial data were 

previously published on the CCl4 model with values ranging from largely unaltered (as seen 

in this study) up to dramatic increases in serum ferritin content up to 20,000 µg/L [147,160]. 

Unlike in the case of hepatic iron content, the murine serum ferritin contents seen after TAA 

administration only partially reflected the human situation. To that end, the serum ferritin 

concentrations in patients with HFE-related hemochromatosis often exceed 1,000 µg/L, while 

patients with ALD typically show serum ferritin levels below 1000 µg/L compared to the nor-

mal serum ferritin range of 15-300 µg/L [156,161-164]. The documented very high serum 

ferritin levels in some rodent disease models versus humans are almost certainly due to the 

fact, that the employed models display a higher extent of liver injury, which in addition to iron 

status contributes to the ferritin increase [16]. 

The approximately twofold increased serum iron levels seen after chronic TAA treatment 

were similar to the values observed in mouse models of hereditary hemochromatosis as well 

as in a rat model of alcoholic liver injury [142,143,145,147,160]. Furthermore, HFE-related 

hemochromatosis patients and subjects with alcoholic liver disease display also only slightly 

elevated serum iron concentrations, which are comparable with the rise seen in TAA-treated 

animals [163,165,166]. However, previous studies showed that the measurement of the se-

rum iron concentration does not constitute a reliable parameter of iron status and has been 

replaced by ferritin levels [167-169]. 

Untreated FVB/N mice displayed twice-higher hepatic iron values compared to untreated 

C57BL/6 mice, as it was shown before [136-138]. As a likely mechanism behind this obser-

vation, it has been shown that the genetic background has fundamental effects on iron me-

tabolism affecting hepcidin expression, duodenal iron uptake, iron accumulation especially in 

liver and spleen as well as serum iron/ferritin levels and serum transferrin saturation [136-

140]. Even though both mouse strains displayed a similar increase of TAA-mediated iron 

overload, C57BL/6 mice revealed a stronger extent of collagen overexpression and more 

pronounced fibrosis as seen in picro-sirius red staining probably due to a higher liability to 

TAA-caused liver injury. In this respect, C57BL/6 mice are shown to be highly susceptible to 

acetaminophen-, alcohol- as well as choline- and folate-deficient diet-induced liver injury 
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compared to other mouse strains [170-172]. On the other hand, C57BL/6 mice present a 

lesser risk to iron-catalyzed toxicity caused by oxidants, therefore it is rather unlikely that the 

prominent liver harm is initiated by the observed iron overload [136]. Further studies are 

needed to dissect what genetic differences are responsible for the stronger liver fibrosis de-

velopment in TAA-treated C57BL/6 mice. 

Histologically, TAA-treated mice developed a marked iron accumulation in hepatic macro-

phages (Kupffer cells) as well as in hepatocytes near to fibrotic scars, while the CCl4 treat-

ment led to an exclusive iron deposition in Kupffer cells. Of note, the preferential iron accu-

mulation observed within Kupffer cells after prolonged CCl4 treatment was confirmed in an-

other study and similarly shown in a model of dimethylnitrosamin-induced liver fibrosis 

[149,173]. However, this pattern of iron accumulation clearly differs to the one observed in 

hemochromatosis mouse models or mice fed an iron rich diet, who display a prevailing iron 

accumulation within hepatocytes [149,150,160,174]. A mixed iron deposition in both hepato-

cytes and Kupffer cells was seen in CCl4-treated mice fed an iron rich diet, in CCl4-treated 

HJV KO mice as well as in mice fed an iron supplemented methionine-choline-deficient 

(MCD) diet [149,150,160,173]. Patients with hemochromatosis display early on a typical 

parenchymal iron accumulation pattern [175,176], and the same distribution is observed in 

mild cases of ALD, where the iron accumulation is also mainly seen in hepatocytes. Howev-

er, at later stages of hemochromatosis as well as ALD with increasing iron content, the iron 

accumulates in mesenchymal cells and to a lesser extent in hepatocytes [105,177,178]. 

While the exact reason underlying iron redistribution toward non-parenchymal cells still 

needs to be precisely determined, it is thought to be a result of necrosis and subsequent 

phagocytosis of heavily iron-loaded hepatocytes [179], which may also play a role in the iron 

overload pattern seen in the TAA model. Finally, iron accumulation restricted to macrophag-

es, not only in the liver, but also in the spleen and bone marrow, is commonly seen in dis-

eases associated with an impairment of ferroportin function such as ferroportin disease, he-

reditary aceruloplasminemia or inflammation of chronic disease [3,180,181]. Noteworthy, 

several recent studies suggested that the pattern of iron overload may segregate with partic-

ular features of a liver disease and further studies should therefore analyze the mechanism 

and the consequences underlying the iron distribution in different hepatic cell populations 

[182,183]. 

A major finding in my thesis is the fact that the two widely used liver fibrosis models lead to 

differential iron deposition patterns. Even though the two hepatotoxins share several similari-

ties in their course of action, inducing chronic injury of hepatic parenchyma with extensive 

fibrosis and cirrhosis, the observed results are not that surprising since they also display im-

portant differences [184-186]. To that end, micronodular cirrhosis develops with CCl4, where-
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as the macronodular form, which is more similar to human cirrhosis, is abundantly evident 

after TAA administration [185]. Moreover, oxidative stress changes were reported to be more 

apparent in CCl4-induced liver injury compared to TAA [185]. TAA leads to formation of pro-

tein adducts, while CCl4 primarily attacks lipophilic structures such as cell membranes 

[135,187,188]. Additionally, TAA and CCl4 were shown to cause unique changes to mito-

chondria, microsomes and peroxisomes as well as to induce alterations in RNA expression, 

cytoskeletal and cell cycle-related proteins and chaperones [3,124,185]. Another possible 

explanation for my findings might be the fact that the CCl4 doses used in these experiments 

were rather low, since CCl4 was poorly tolerated in FVB/N mice [135]. Therefore, future ex-

periments are required to find out, whether a higher CCl4 dose may lead to iron accumula-

tion, since significant liver siderosis is found in 31-78% of patients suffering from end-stage 

liver diseases regardless of the liver disease etiology [178,189,190]. 

4.2 Iron overload after chronic thioacetamide chall enge is likely due to 

hepcidin suppression 

In terms of the underlying mechanisms, the iron overload seen in TAA-treated mice is most 

likely due to decreased hepcidin levels found in TAA-, but not CCl4-administered animals, 

given that hepcidin is the central regulator of body iron homeostasis [3,124]. Of note, a re-

cent paper also reported no alteration in hepcidin synthesis in CCl4-challenged mice [160]. In 

agreement with my data, a decreased hepcidin expression together with liver iron overload 

was described in several chronic liver diseases such as chronic hepatitis C and ALD and a 

reduction of hepcidin synthesis was noted in mouse and rat models of chronic alcohol-

induced liver injury [3,63,64,87,124,127,191]. TAA-mediated hepcidin suppression was also 

prominent after a single TAA injection, where a long-lasting decrease of hepcidin was found. 

Similar findings were made in studies using models of acute alcohol intoxication as well as 

acetaminophen application, the latter showing a TAA-analogous mode of action with for-

mation of covalent protein adducts as a major mechanism of drug-induced liver toxicity 

[62,63,191-193]. Therefore, TAA-treatment represents a great model to study how exactly 

liver injury leads to hepcidin suppression. 

While TAA-mediated hepcidin-down-regulation remains the most likely explanation for the 

observed liver iron overload, alternative hypotheses also have to be considered. These in-

clude (i) a hepcidin-independent increase in intestinal iron absorption; (ii) a selective hepatic 

rather than systemic iron overload; and (iii) hepatic iron-overload due to subcellular iron re-

distribution, which might be hepcidin-independent. To justify the first alternative, the fact that 

non-transgenic animals display a massive iron overload after feeding with iron-rich diet de-



DISCUSSION 

 

85 

 

spite increased hepcidin levels and even after an additional hepcidin substitution suggests 

that a hepcidin-independent way of intestinal iron-uptake exist [194,195]. Of note, an in-

creased uptake may be due to a simple intestinal damage and/or specific signaling events. 

With regard to the first option, orally as well as intraperitoneal administered TAA leads to 

profound alterations and even necrosis in small intestine, i.e. the place where iron uptake 

happens, while CCl4 treatment causes alterations in the gut flora, but does not markedly 

damage intestinal epithelia [196-198]. Intestinal changes might also be in part responsible for 

iron overload in human liver disease, since alcohol consumption was shown to cause ero-

sions, bleedings and mucosal injury in the upper jejunum, associated with bacterial over-

growth and increased permeability of the gut [199]. 

In terms of iron trafficking, most tissues mediate their iron uptake primarily via TFR1 or 

DMT1, while the iron efflux is enabled via FPN1 [200]. In the livers of TAA-treated mice, 

TFR1 mRNA was up-regulated and FPN1 mRNA expression was down-regulated, but how 

these alterations contribute to the observed hepatic iron overload remain to be determined, 

since CCl4 mice showed a similar regulation. The iron transporters are studied extensively in 

the liver and are shown to be regulated by either iron deficiency or oxidative stress [201]. 

Liver-TFR1 up-regulation was often observed in diseases associated with increased oxida-

tive stress such as in mouse models of alcohol-induced liver injury and mice fed a MCD diet 

as well as in patients with ALD or non-alcoholic fatty liver disease (NAFLD) [201-203]. On the 

other hand, not much is known about iron trafficking and distribution in other tissues during 

liver disease. To explore whether an altered regulation of iron transporters in other tissues 

influences liver iron overload in TAA-administered animals due to systemic iron redistribution, 

should be assessed in future studies.  

With regard to the last alternative, the regulation of subcellular iron-trafficking is an emerging 

topic and subcellular iron mislocalization has been observed in multiple mouse models 

[204,205]. Although I did not study the subcellular iron distribution in TAA-treated mice in 

detail, the staining results suggest that it is trapped in lysosomes as it was recently observed 

in hepcidin KO animals fed iron-rich but not standard diet (Lunova et al., unpublished data). 

In support of that, DMT1, the central mediator of endosomal/lysosomal iron release, was sig-

nificantly suppressed in chronically TAA-treated mice, while it was up after CCl4 challenge 

[206]. Moreover, lysosomal iron accumulation is often observed in humans with iron overload 

and is thought to be due to increased phagocytosis/autophagy of the iron storage molecules 

ferritin and hemosiderin, which represents a protective mechanism of iron clearance from the 

cytosol [7]. On the other hand, the expression pattern of TFR1, FPN1 and DMT1 in livers of 

CCl4-treated mice matches the data reported from iron deficiency, which is in line with the 

lower liver iron content in these mice. 
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4.3 CHOP mediates hepcidin suppression and the resu lting thioacetam-

ide-induced iron overload 

To elucidate the mechanism leading to hepcidin down-regulation in TAA-treated animals, the 

known hepcidin regulatory pathways were analyzed. BMP/SMAD signaling, which is the 

best-studied pathway of hepcidin regulation and is responsible for the most hereditary hemo-

chromatosis cases (due to mutations in HFE, TFR2 and HJV), was not influenced by chronic 

TAA administration. Similarly, two current studies on chronic alcohol exposure in rodents 

also detected no impact of alcohol on SMAD signaling [91,207].  

Next, I focused on IL-6/STAT3 pathway, which regulates iron levels during inflammation and 

is responsible for anemia of chronic disease [3,124]. TAA induced a slight inflammatory re-

sponse, but the activation was weaker than the one observed in CCl4-challenged animals. 

Given that this pathway stimulates hepcidin expression, the lack of its induction (compared to 

CCl4) may partly explain the differences between both models, but cannot be responsible for 

the reduction in hepcidin levels observed in TAA mice [3,124]. Of note, the absence of in-

flammatory reaction in TAA mice is somewhat surprising given that both chronically alcohol-

intoxicated rodents as well as subjects with ALD show a marked activation of this pathway 

with increased IL-6 levels and a strong activation of STAT3 phosphorylation [208]. However, 

the low IL-6 levels in TAA-challenged mice were noted in several former studies, although 

some others reported contradictory results [119,209-212]. The high IL-6 levels after CCl4 

treatment are well established and are thought to protect the hepatocytes from CCl4-

mediated necrosis and apoptosis and to stimulate a fast recovery of the liver [213,214]. Final-

ly, the increased inflammatory activity in these mice might contribute to the observed macro-

phage iron overload given that cytokines mediate iron retention in macrophages in a hep-

cidin-independent manner due to an inhibition of FPN1 or due to enhanced autocrine hep-

cidin secretion [31,215]. 

I also analyzed C/EBPα signaling, which regulates basal hepcidin expression [51]. A pro-

found C/EBPα suppression was observed after acute TAA-induced liver injury, which is 

probably due to an acute-phase response and activation of cell growth and was also noticed 

in several other acute liver injury models such as single CCl4 injection, acute alcohol intoxica-

tion, acute acetaminophen intoxication, ethinylestradiol-induced cholestasis, burn-injury 

model and partial hepatectomy [91,192,216-219]. C/EBPα expression was still approximately 

60% down-regulated in both liver injury models after chronic hepatotoxin application, which is 

in line with data reported previously for chronic CCl4 exposure [220]. Although reduced 

C/EBPα expression was observed in both fibrosis models, C/EBPα binding to hepcidin pro-

moter was clearly lower in TAA- versus CCl4-exposed animals. The impairment of C/EBPα 
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signaling seems to be the primary event leading to hepcidin down-regulation during liver inju-

ry, since it was previously described in alcohol-induced chronic liver damage and in trans-

genic mice expressing the HCV polyprotein [62,64,65]. Moreover, this mechanism also ap-

pears to be responsible for the reduced hepcidin expression seen in patients suffering from 

ALD or HCV [62,64,65]. 

As mentioned previously, although reduced C/EBPα expression was observed in both fibro-

sis models, C/EBPα binding to hepcidin promoter was clearly lower in TAA- vs. CCl4-exposed 

animals. Therefore, it was speculated that increased levels of CHOP, a known C/EBPα inhib-

itor [65,67,68], might be responsible for this observation as well as the reduced hepcidin lev-

els in TAA mice. Several lines of evidence support this hypothesis: (i) TAA mice revealed a 

30-fold increased CHOP expression compared to CCl4 administration; (ii) CHOP deficiency 

diminished the TAA-mediated hepcidin suppression after a single TAA dose; (iii) in contrast 

to non-transgenic littermates, chronically TAA-treated CHOP KOs did not show further hepat-

ic iron accumulation or alterations in the additional parameters of iron metabolism; and (iv) a 

strong negative correlation between CHOP levels and hepcidin mRNA was observed in pa-

tients with ALD. Therefore, the data are the first to demonstrate the profound effect of CHOP 

on iron metabolism and these findings are further supported by the in vitro observations 

showing that CHOP mediates the stress-induced hepcidin suppression [70]. On the other 

hand, further studies are needed to understand why untreated CHOP KOs per se exhibit a 

mild iron overload. 

4.4 CHOP represents an attractive regulator of hepc idin signaling in con-

text of liver injury 

CHOP represents an established C/EBPα inhibitor [65,67,68] and I found its up-regulation in 

context of liver injury with subsequent suppression of hepcidin production. In addition, the 

ALD patients in this study revealed elevated CHOP levels, which is consistent with the re-

ported CHOP increase in ethanol and MCD fed mice as well as patients with NAFLD, ALD 

and viral hepatitis [73,221-223]. On the other hand, unaffected CHOP levels were seen in 

chimeric mice infected with HCV [224]. Therefore, additional studies are necessary to char-

acterize CHOP expression further in context of liver injury.  

The precise mechanism leading to CHOP up-regulation in TAA-treated animals still remains 

an open question. CHOP is widely known as one of the most inducible genes during endo-

plasmatic reticulum (ER) stress [66]. The ER represents an organelle, where secretory and 

transmembrane proteins are folded into their native conformation and are posttranslationally 

modified in order to obtain proper structure and function [114]. When protein folding is dis-
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turbed and misfolded proteins appear, a chain of signaling pathways is activated, which are 

collectively called the unfolded protein response (UPR) and that among others leads to in-

creased CHOP production [114]. However, I did not observe any signs of a classic UPR in 

TAA-treated mice; in particular no increase in GRP78, ATF6 and ATF4 as well as no XBP1 

splicing were seen. Moreover, the UPR-inducible CREBH, which when it is activated, stimu-

lates hepcidin production during UPR [50,73], was found to be down-regulated in chronically 

TAA-treated mice. In contrast, activation of UPR was observed in ethanol and MCD fed mice 

as well as patients with NAFLD, ALD and viral hepatitis [73,221-223]. Therefore, alternatively 

pathways are likely responsible for CHOP up-regulation in TAA-administered animals. For 

example, an integrated stress response might be the responsible pathway as it was shown in 

a mouse model of non-alcoholic steatohepatitis and potentially also in alcoholic liver disease 

[225,226]. Furthermore, CHOP can be stimulated by as aging, starvation, oxidative or geno-

toxic stress, lipopolysaccharide injection as well as stimulation with cytokines [225,226]. 

Given our results, CHOP emerges as a potential therapeutic target to block iron overload in 

chronic liver diseases. However, such an approach has to be seen with caution given the 

known multitude of CHOP functions. In terms of liver disease, the loss of CHOP did not have 

a significant impact on the TAA-induced liver injury or liver damage in mouse models of ALD 

or NASH [221,225]. On the other hand, CHOP deficiency protected from liver injury in a 

mouse model of cholestasis [71]. In terms of underlying mechanisms, the effect of CHOP 

might be mediated by its role in stress induced apoptosis or cell cycle arrest [66], and in that 

respect, CHOP KOs subjected to a model of ALD displayed less apoptosis [221]. In sum-

mary, my thesis demonstrates the CHOP-C/EBPα pathway as a crucial regulator of iron me-

tabolism in context of chronic liver injury. Further studies are needed to find out whether this 

pathway might be useful to modify iron metabolism in this context. 

 

My results established CHOP as an important regulator of hepatic hepcidin expression lead-

ing to liver iron accumulation in chronic liver disease. The differences in iron metabolism be-

tween the two widely used fibrosis models likely reflect the differential regulation of hepcidin 

expression in human liver disease. TAA administration represents a unique model of liver 

injury-associated iron overload, which will become useful to understand the human situation. 

For example, CHOP might be up-regulated in the NAFLD patients exhibiting iron overload 

(condition termed as DIOS) but not in NAFLD subjects with normal iron status. This hypothe-

sis is strengthened by the observation that DIOS is associated with insulin resistance and 

increased CHOP plays a key role in impaired insulin sensitivity [66]. 
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C. Original western blot and EMSA data 

C.1 Chronic liver damage 

C.1.1 H-Ferritin (FTH1, Figure 6/Figure 32) 

 

 

 

C.1.2 Phosphorylated SMAD1/5/8 (pSMAD1/5/8) and SMA D1 (Figure  10) 

 

 

 

C.1.3 Phosphorylated STAT3 (pSTAT3) and STAT3 (Figu re 12) 
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C.1.4 CHOP (Figure 15) 

 

 

 

 

C.2 Acute liver damage 

C.2.1 Phosphorylated STAT3 (pSTAT3) and STAT3 (Figu re 26) 

 

 

 

C.2.2 Phosphorylated SMAD1/5/8 (pSMAD1/5/8) and SMA D1 (Figure 27) 
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