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1 Abstract 

Impaired iron homeostasis can lead to several serious diseases. For example, anemia of 

end-stage renal disease is due to decreased iron levels, whereas in hemochromatosis 

there is extensive body iron burden. However, besides general iron overload, there 

exists also organelle specific iron overload, such as the mitochondrial iron load in 

Friedreich´s ataxia or tissue specific iron overload, like the brain in neurodegeneration 

with brain iron accumulation (NBIA).  

This thesis focused on three different pathologies with impaired iron homeostasis: 

1. Iron deficiency in chronic kidney disease patients with special emphasis on 

treatment with intravenous iron formulas 

2. Mitochondrial iron overload in Friedreich´s ataxia 

3. Neurodegeneration with brain iron accumulation (NBIA) 

Iron sucrose is one of several intravenous (i.v.) iron formulas available for clinical use 

to treat anemia of chronic kidney disease (CKD). This preparation is well studied, safe 

and effective when given intravenously and is known as the originator product.  

Recently new generic iron sucrose preparations have entered the market and several 

studies have raised concerns as to bioavailability and biostability equivalence because 

iron sucrose represents the originator nanoparticle iron medicinal product. Producers of 

the originator drug and the Committee for Medicinal Products for Human Use (CHMP) 

from the European Medicines Agency (EMA) raised concerns about equivalence of the 

new generic products compared to the originator product, resulting in the generation of 

new guidelines for approval of biosimilars (ie. generic biotechnology products).  

In the first part of this project we investigated bioavailability and biostability of iron 

sucrose originator compared to its generic product and performed non-clinical 

pharmacological and toxicological studies as proposed in a reflection paper by the 

European Medicines Agency. The results of this extensive analytical characterization 

demonstrated that the generic sucrose product is similar to the originator product.  

Other intravenous iron formulas such as ferric carboxymaltose, a new parenteral iron 

preparation, have been approved for more rapid administration of large i.v. iron doses, 
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which may be more favourable and time- and cost-saving for the patients, since the 

frequency of physician visits is decreased.  

Concerning ferric carboxymaltose, limited data are available describing its cellular 

metabolism and its toxicity. Therefore, in this part of the project we characterized 

complex stability, toxicity and bioavailability of iron carboxymaltose in comparison to 

iron sucrose. The expected results will improve our understanding about metabolism 

and therapeutic profile of this parenteral iron preparation. 

 

The second part of the project focused on the inherited disease Friedreich´s ataxia. 

Patients display decreased expression of the FXN gene which results in low synthesis of 

the mitochondrial protein frataxin and show signs of biochemical impairment in iron 

metabolism due to mitochondrial iron load. Currently, no treatment exists for the 

disease, only symptomatic therapy is available. However, it was shown that decreased 

frataxin levels correlate with the severity of the disease. The antioxidant resveratrol was 

proposed to modify frataxin levels in animal studies, therefore, a clinical study was 

performed to evoke a new possible treatment. In this thesis an improved method for a 

more accurate and cost saving way to measure frataxin protein in patient lymphocytes 

was established.  

 

In the last part of my thesis I focused on neurodegeneration with brain iron 

accumulation (NBIA). In an earlier clinical study it was shown that the iron chelator 

Deferiprone has the ability to cross the blood brain barrier and has the ability to lower 

brain iron levels. Therefore, in a clinical pilot study a patient with PLA2G6 associated 

neurodegeneration (PLAN) was treated with Deferiprone to lower brain iron content. 

Multiplex multiple reaction monitoring (MRM) proteomics was used to assess the 

patient’s systemic state of iron trafficking, oxidative and inflammatory stress prior to 

and during Deferiprone treatment. 
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2 Zusammenfassung 

Störungen in der Eisen-Homöostase können zu schweren Erkrankungen führen. 

Beispielsweise ist die Anämie bei chronischer Niereninsuffizienz durch einen 

verringerten Eisenspiegel verursacht, während es bei hereditäre Hämochromatose zu 

einer Eisenüberladung kommt. Neben generellen Eisenüberladung, können auch 

bestimmte Organellen betroffen sein, beispielsweise die Mitochondrien bei Friedreich-

Ataxie oder bestimmten Organe, wie Gehirn bei Neurodegeneration mit 

Eisenakkumulation im Gehirn (NBIA).  

Diese Arbeit konzentriert sich auf drei verschiedenen Pathologien mit gestörter 

Eisenhomöostase: 

1. Eisendefizienz bei Patient mit chronischer Niereninsuffizienz mit besondere 

Berücksichtigung der Behandlung mit Intravenösen Eisenpräparaten. 

2. Mitochondriale Eisenüberladung bei Friedreich Ataxie 

3. Neurodegeneration mit Eisenablagerung im Gehirn (NBIA) 

Eisen-Saccharose ist eines von mehreren intravenösen (iv) Eisen Präparaten, das zur 

Behandlung der Anämie chronischer Nierenerkrankungen zum Einsatz kommt. Dieses 

Präparat ist gut untersucht, sicher und wirksam und als das Originalpräparat bekannt.  

 

Seit kurzem sind generische Eisen-Saccharose Präparate auf den Markt und in mehreren 

Studien wurden hinsichtlich ihrer Bioverfügbarkeit, Biostabilität und Gleichwertigkeit 

Bedenken geäußert. Die Hersteller des Orginalpräparats, das „Committee for Medicinal 

Products for Human Use“ (CHMP) und die Europäischen Arzneimittelagentur (EMA) 

äußerten sich besorgt über die Gleichwertigkeit der neuen generischen Produkte im 

Vergleich zum Originalpräparat, was in neuen Richtlinien für die Zulassung von 

Biosimilars (dh generische Biotech-Produkte) resultierte.  

 

Im ersten Teil dieses Projektes wird die Bioverfügbarkeit und biologische Stabilität vom 

Original Eisen-Saccharose Präparat im Vergleich zu dem generischen Produkt-anhand 

einer, nicht-klinischen pharmakologischen und toxikologischen Studie untersucht.  
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Eisencarboxymaltose, ist ein weiteres neues parenterales Eisenpräparat, über welches 

wenige Daten über den Zellstoffwechsel und dessen Toxizität vorliegen. In dieser 

Studie wurde die Komplexstabilität, Toxizität und Bioverfügbarkeit mit Eisen-Saccharat 

verglichen. Die zu erwarteten Ergebnisse werden unser Verständnis über den 

Stoffwechsel und das therapeutische Profil dieses Eisenpräparats verbessern.  

 

Der zweite Teil des Projekts konzentriert sich auf die Erbkrankheit Friedreich-Ataxie. 

Patienten zeigen eine verringerte Expression des Gens FXN, welches sich durch eine 

geringe Synthese des mitochondrialen Protein Frataxin äußert. Dadurch kommt es zu 

einer Störung der zellulären Eisenhomöostase bedingt durch eine mitochondriale 

Eisenüberladung. Derzeit gibt es nur symptomatische Therapie. Es wurde gezeigt, dass 

verringerte Frataxin Spiegel mit dem Schweregrad der Erkrankung korrelieren. 

Resveratrol, ein Antioxidans, hat im Tierversuch Frataxin erhöht, daher wurde eine 

klinische Studie durchgeführt. In dieser Arbeit wurde für die klinische Studie ein 

verbessertes Verfahren für eine genauere und kostensparendere Quantifizierung von 

Frataxin-Protein in Patienten-Lymphozyten entwickelt und angewendet.  

 

Der letzte Teil der Arbeit beschäftigt sich mit dem Erkrankungsbild der 

Neurodegeneration mit Eisenakkumulation im Gehirn (NBIA). In einer früheren 

klinischen Studie wurde gezeigt, dass der Eisen-Chelator Deferipron die Blut-Hirn-

Schranke überwinden und dabei den Eisenspiegel im Gehirn senken kann. Daher wurde 

in einer klinischen Pilotstudie ein Patient mit PLA2G6 assoziierte Neurodegeneration 

mit Eisenakkumulation im Gehirn (PLAN) mit Deferiprone behandelt. Mittels 

Multiplex Multiple Reaction Monitoring (MRM) Proteomics wurde der systemische 

Eisen Zustand, oxidativer Stress und Entzündungsparamter vor und nach der 

Behandlung mit Deferiprone untersucht. 
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3 Introduction 

3.1 Iron 

Iron is an important metal in the organism because of its role as a biological catalyst. It 

is involved in numerous biological processes including oxygen transport, DNA 

synthesis and electron transport (W.Willimore, 2011). 

However, iron in excess is potentially cytotoxic. Ferrous iron is capable to generate 

reactive oxygen species (ROS) such as the hydroxyl radical. Free radicals initiate lipid 

peroxidation of cell membranes and oxidative damage of proteins (Halliwell and 

Gutteridge 1984). Therefore, the levels of reactive iron must be carefully controlled and 

limited.  

To secure the vital functions of the cell there are various proteins to handle iron 

homeostasis. This includes proteins for iron uptake (metal transporter, transferrin 

receptors), its transport in the plasma (transferrin), and its non-toxic storage (in ferritin).  

Imbalance in iron metabolism leads to iron related diseases.  

3.2 Iron Homeostasis  

3.2.1 Erythroblasts and Macrophages  

Iron in the body is absorbed from the small intestine, but the major source is recycled 

from the monocyte–macrophage system via phagocytosis of senescent erythrocytes. The 

formation of red blood cells takes around 25 days, here time and presence of 

erythropoietin and iron is very important for the development of healthy erythrocytes. 

Erythroblasts mainly take up transferrin-bound iron via transferrin receptor 1 (TfR1) 

mediated endocytosis. In the acidic endosome, iron is released from transferrin and is 

exported from the endosome via DMT1, the divalent metal transporter 1 into the cytosol 

and enters the cytosolic labile iron pool (LIP). Iron from the LIP could either be stored 

in ferritin or used for synthesis of iron sulfur clusters or heme, which takes place at its 

last step in the mitochondria. Excess heme is either exported via the heme exporter, 

FLVCR or catabolised via the heme oxygenase-1 pathway, which is shown in Figure 1.  
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Figure 1: Iron metabolism in erythroblasts modified (Evstatiev and Gasche 2012) 

Erythroblasts take up transferrin-bound iron via transferrin receptor 1 (TfR1). The relase of 

transferrin-bound iron takes place in acidic endosomes. Relased iron (ferric iron) is reduced to 

ferrous iron by Steap3 and exported into the cytosol via DMT-1, while transferrin and TfR1 

recycle to the surface. The majority of intracellular iron in erythroblasts is used for hemoglobin 

synthesis, which is achieved through the mitochondria. Excess heme is either exported via 

FLVCR or catabolised via the HO-1 pathway. 
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Figure 2: Iron metabolism in macrophages modified (Evstatiev and Gasche 2012) 

Macrophages are responsible for iron recycling, phagocytosing senescent erythrocytes and 

releasing accumulated iron back into the circulation in a regulated manner. Phagocytosed 

erythrocytes are lysed in lysosomes, and heme-bound iron is released via heme oxigenase 1. 

Besides phagocytosis other iron import pathways are free hemoglobin scavenging via CD163 

and TfR1-mediated transferrin uptake. Some iron from the labile iron pool is utilised for 

metabolic purposes, some is stored in ferritin, and some exits the macrophage via ferroportin. 

Exported ferrous iron is subsequently oxidised by ceruloplasmin and bound to transferrin. 

Most of the plasma ferritin comes from macrophages but the exact export route is still unclear. 
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Phagocytosis of senescent erythrocytes is one of the main functions of macrophages and 

the major source of iron in the body (Fig. 2). After 120 days, erythrocytes are 

internalised by macrophages and degraded in lysosomes. Heme-bound iron is released 

from heme by Heme oxygenase (HO-1) and exits the lysosomes via the divalent metal 

transporter, DMT1 where released iron enters the labile iron pool, the LIP. 

Some iron from the labile iron pool is used for metabolic purposes, some is stored in 

ferritin, and some exits the macrophage via the iron exporter ferroportin. Exported 

ferrous iron is subsequently oxidised by ceruloplasmin and binds to transferrin and is 

delivered to the bone marrow for erythropoiesis. Other iron import pathways, including 

free haemoglobin scavenging via CD163 and TfR1-mediated transferrin uptake, play a 

role. 

3.2.2 Transferrin (Tf) 

The total amount of iron in adult humans is 3 to 5g (Zhang and Enns 2009), where up to 

80% is found in the red blood cells as hemoglobin, 10-15% is present in muscle 

myoglobin and other iron containing enzymes. Around 0.1% of the iron circulates in the 

plasma that is bound tightly to transferrin (Tf). The functions of Tf are the transport of 

iron between sites of absorption, storage, and utilisation. Developing erythroid cells, as 

most of other cells types, get iron from plasma Tf.  

Transferrin is an 80-kDa glycoprotein that is synthesized mainly in the liver. Each 

molecule can bind up to two Fe3+ ions and form diferric holo-transferrin (holo-Tf) 

(Bailey et al. 1988). Depending on the iron loading status of Tf, the affinity to the 

plasma membrane Tf receptor (TfR1) is different. Diferric transferrin has the highest 

affinity, monoferric transferrin an intermediate affinity, and apotransferrin (iron free 

transferrin) has a low affinity to TfR1 (Ponka 1999). Due to the higher association 

constant to diferric transferrin compared to monoferric and apotransferrin (Young et al. 

1984), the cells equire iron predominantly by diferric transferrin. After the binding of 

iron–loaded holo–Tf with high affinity to TfR1 the complex undergoes endocytosis. In 

the acidic endosome (pH 5.5), Fe3+ is released from Tf, reduced by Steap3, a ferric 

reductase to Fe2+(Ohgami et al. 2005), and exported via the divalent metal transporter 1 

(DMT1) and transported to the cytosol or possibly directly to the mitochondria in 
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erythroid cells (Richardson et al. 2010). Moreover, macrophages also may use this Tf 

cycle for iron uptake. 

However, under physiologic conditions, plasma Tf is hyposaturated (~30%). In diseases 

resulting in iron overload or anemia where parenteral iron formulas are required, Tf can 

become saturated with iron, resulting in the generation of non-transferrin bound iron 

(NTBI) (Hershko et al. 1978), (Espósito et al. 2002). 

3.2.3 Non-transferrin-bound iron (NTBI) 

The biochemical structure of NTBI is ill-defined (Breuer et al. 2000). There are 

speculations that NTBI is a mixture of iron-species composed of iron bound to small 

organic chelators, such as citrate and organophosphates (Breuer et al. 2000).  

However, free iron may trigger formation of toxic hydroxyl radicals and reactive 

oxygen species (McCord 1998). Under physiological conditions, virtually all iron in 

plasma is bound to Tf. In conditions that cause iron overload, or in renal anemia of 

chronic kidney patients receiving parenteral iron preparations, Tf can become 

oversaturated and NTBI may be found (Lawen and Lane 2013), (Ghoti et al. 2012), 

(Breuer et al. 2000).  

To avoid harmful, weakly bound iron in parenteral iron preparations, the preparations 

are very stable complexes and the iron release of the product is very low. Further the 

chemical nature of „released iron“ should be easily bound to apo-transferrin to be in a 

redox-inactive form (Pierre et al. 2002). 

In addition NTBI has also been found in serum, where Tf is not fully saturated, 

therefore it is supposed, that there is a fraction of NTBI which cannot bind to apo- 

transferrin (Breuer et al. 2000).  

3.2.4 Transferrin receptor (TfR) 

Plasma iron is the key to the systemic iron supply and homeostasis in our body. In the 

circulation, Fe3+ is bound to the two binding sites of the glycoprotein transferrin. Holo-

transferrin is taken up via transferrin receptor 1 (TfR1) mediated endocytosis into the 

cells.  
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The uptake of iron is tightly regulated by transferrin receptor (TfR) expression which 

allows to response to a number of metabolic needs and prevents excessive accumulation 

leading to production of toxic free radicals.  

3.2.5 The Labile Iron Pool (LIP) 

Most iron in the cytosol is stored in ferritin, but there exists a transient cytosolic iron 

that is loosely bound (i.e., labile) and accessible to iron chelators (Breuer et al. 2008). 

This iron is known as labile iron pool (LIP). The LIP is, as mentioned before, not a 

static quantity, so the concentration is regulated by the cellular iron uptake and the iron 

incorporation and release from ferritin respectively. It can consist of iron (II) and iron 

(III) (Lane et al. 2010), but there are no convincing data about the exact biochemical 

nature of the LIP. From a clinical perspective, the labile iron pool is redox-active and 

can generate oxidative stress in many clinical settings.  

Intracellular iron deficiency and a decreased concentration for iron in transit/chelatable 

iron can be observed following decreased iron-uptake or -supply as well as increased 

iron demand (Richardson and Ponka 1997),(Santos et al. 2000). That shows, cytosolic 

LIP mirrors the cellular iron content and influences homeostatic adaptive responses. 

3.2.6 Ferritin 

Ferritin is the safe and major storage form of iron in the body. It is a water–soluble 

molecule and consists of 24 subunits that form a hollow sphere, where up to 4500 iron 

atoms, consisting of ferric-phosphate and -hydroxide ions are stored (Arosio et al. 

2009),(Harrison and Arosio 1996).  

 

Following uptake of iron by non-erythroid cells, iron enters the labile iron pool and is 

subsequently stored in ferritin (Young et al. 1985). The release of iron from the iron 

storage protein ferritin is mediated via proteolysis (Konijn et al. 1999).  

 

However, iron storage predominantely occurs in hepatocytes and reticuloendothelial 

macrophages.  

 



Introduction  11 
 

 

 

3.2.7 Hemopexin 

Hemopexin (Hx), a plasma protein, has the highest binding affinity to free haem (Kd 

<10-9 M). The main synthesis is in the liver, where it is released into the blood stream, 

binds to haem and delivers it back  to the liver (Tolosano and Altruda 2002). Due to its 

high binding affinity to haem it is predestined to protect against haem induced oxidative 

stress (Gutteridge and Smith 1988), (Vinchi et al. 2008), limits the iron source for 

potential pathogens (Ascenzi et al. 2005) and contributes to iron homeostasis (Hershko 

1975).  

Recently, a group demonstrated, that Hx-null mice have increased numbers iron-loaded 

oligodendrocytes (Morello et al. 2009) and therefore increased brain iron. This suggests 

that under pathological conditions, hemopexin has the ability to act as a protective 

factor in the nervous system. However, it is still unclear how hemopexin enters the 

brain or is synthesised by the brain.  

Due to these properties, Hx may have the strength to influence the evolution of 

neurodegenerative diseases.  

3.2.8 Haptoglobin 

Haptoglobin is a protein, which binds free hemoglobin, and prevents heme-iron 

mediated oxidation. Haptoglobin is also an acute phase protein, where its transcription 

is increased in terms of inflammation. Hemoglobin and haptoglobin together form a 

complex, which also plays an important role during haemolysis. Here, free hemoglobin 

levels in the plasma increase, leading to haemoglobin accumulation in the kidney and 

iron loss in the urine. Haemoglobin binds to haptoglobin and this complex can be 

cleared by receptor mediated endocytosis in the liver which results in iron recycling and 

preventing renal damage (Levy et al. 2010),(Goldenstein et al. 2012). 

3.2.9 Ceruloplasmin 

Ceruloplasmin is an abundant glycoprotein in human plasma and is mainly synthesized 

by the liver (Healy and Tipton 2007). It has enzymatic activity and belongs to the multi-

copper oxidases (MCOs), a small group of enzymes, which oxidize their substrate with 

the concomitant reduction of dioxygen to two water molecules. So far, there are three 
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multi-copper oxidases detected in humans: ceruloplasmin, hephaestin and zyklopen. All 

of them can oxidize ferrous iron and are discussed for their potential roles in human iron 

homeostasis. 

Ceruloplasmin has shown a variety of physiological functions including roles in copper 

transport and oxidation of biogenic amines. Moreover it has been shown that 

aceruloplasminaemia patients show massive iron overload in various tissues, including 

liver, pancreas and the brain (Xu et al. 2004), (Harris et al. 1995). Responsible for iron 

accumulation in these patients is the absence of enzymatically-active 

holoceruloplasmin, which confirms the role of ceruloplasmin in iron export (Xu et al. 

2004), (Harris et al. 1995). Diabetes, retinal degeneration and neurological symptoms 

are results of iron accumulation in affected individuals (Xu et al. 2004), (Harris et al. 

1995) and can be explained by iron toxicity resulting in free radical damage through the 

Fenton chemistry (Patel et al. 2002) 

3.2.10 Lipocalin 2 (NGAL; neutrophil gelatinase-associated lipocalin) 

Lipocalins belong to a heterogenous group of soluble proteins which possess several 

functions including immune response, cell growth, proliferation, iron transport, and 

synthesis of prostaglandins (Borregaard and Cowland 2006). In addition it has been 

shown that lipocalin 2 is significantly decreased in the cerebrospinal fluid of human 

patients with mild cognitive impairment and Alzheimer’s disease (AD) and increased in 

brain regions associated with AD pathology in human post-mortem brain tissues (Naudé 

et al. 2012). Further, it is described that iron and iron related proteins favour the 

formation and stabilization of toxic (amyloid beta) Aβ aggregation (Liu et al. 2011), 

(Wang et al. 2012) and show to accumulate in amyloid plaques (Leskovjan et al. 2011). 

Interestingly, lipocalin 2 is also highly produced in response to Aβ1-42 by choroid plexus 

epithelial cells and astrocytes, but not by microglia or neurons (Mesquita et al. 2014). 

3.2.11 Hepcidin 

Hepcidin is a small antimicrobial peptide synthesized by the liver (Pigeon et al. 2001) 

and plays a key role in the control of iron metabolism. Hepcidin has the ability to bind 

to ferroportin (FPN) and induces phosphorylation (Figure 3) of the iron exporter FPN. 

This leads to lysosomal internalization and degradation of FPN and further blocks iron 
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transport activity (Nemeth et al. 2004). Internalization of FPN on the basolateral surface 

of enterocytes causes the retention of absorbed iron with subsequent loss by 

desquamation. In macrophages and hepatocytes the same process causes the failure to 

release iron, which results in reduced iron availability in the plasma (Pietrangelo 2007).  

 

 

Figure 3: Downregulation of ferroportin expression on the cell surface by hepcidin modified 

(Cui et al. 2009) 

Ferroportin (FPN) is expressed in enterocytes, hepatocytes and tissue macrophages. Hepcidin 

binds to FPN which lead to its phosphorylation, internalization and degradation. Decreased 

FPN expression reduces iron absorption in the gut, lowers iron release from the liver, and 

prevents iron recycling by tissue macrophages. 

 

Genetic studies have shown the importance of hepcidin in iron homeostasis. Disruption 

of the hepcidin gene results in iron accumulation in the liver, pancreas and heart, 

increased serum iron levels and reduced iron content in the spleen in mice (Nicolas et al. 

2001). In addition, overexpression of hepcidin in transgenic mice resulted in decreased 

body iron levels and severe microcytic anemia (Nicolas et al. 2002).  

In humans, similar findings have been reported. Weinstein and his colleagues showed 

that patients with large hepatic adenomas had significantly high levels of hepcidin and 
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decreased serum transferrin saturation and further developed severe anemia due to 

inadequate response to iron therapy. (Weinstein et al. 2002)  

Interestingly, chronic kidney disease and end-stage renal disease patients show high 

levels of plasma hepcidin, but the mechanism is not clear (Ganz et al. 2008), (Malyszko 

and Mysliwiec 2007), (Tomosugi et al. 2006). 

Beside its role in iron homeostasis, hepcidin may have a direct effect on erythropoiesis. 

An in vitro study showed that hepcidin antagonizes EPO-mediated erythroid colony 

formation, which could further lead to a possible inhibition of erythroid progenitor 

growth and/or survival (Dallalio et al. 2006). The assumed function of hepcidin needs to 

be tested in in vivo studies and its interplay with EPO resistance has to be investigated 

in ESRD patients. 

Activation of EPO signalling could be either by exogenous EPO or by endogenous EPO 

in an autocrine or paracrine way. This opens doors for the development of novel 

applications for EPO and also for optimization of the use of recombinant EPO for 

clinical settings including anaemia in chronic kidney disease (Arcasoy 2008).  
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3.3 Impaired iron homeostasis: 

Impaired iron homeostasis in the body can lead to several serious diseases. Decreased 

iron levels lead to anemia, like in end-stage renal disease, whereas extensive iron in the 

body is caused but primary iron overload such as in or by hemochromatosis, secondary 

iron overload such as in beta-thalassemia. Besides general iron overload conditions, 

there are also partial iron overload conditions e.g. in mitochondria – like in Friedreich´s 

Ataxia or in special organs, like the brain in neurodegeneration with brain iron 

accumulation (NBIA). This study was focused on three pathologies with impaired iron 

homeostasis and will be presented in the next few chapters (see .3.3.1. to 3.3.3.) 

1) Iron deficiency/anemia in chronic kidney disease patients with special emphasis 

on treatment with intravenous iron formulas 

2) Mitochondrial iron overload in Friedreich`s ataxia 

3) Neurodegeneration with brain iron accumulation (NBIA)  
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3.3.1 Iron deficiency 

Iron deficiency (ID) is one of the most prevalent nutrition deficiencies in the world 

(McLean et al. 2009). It is caused by various physical problems like blood loss, 

inadequate nutrient intake, increased iron demand, inadequate gastrointestinal 

absorption, abnormal iron distribution or iron transport.  

Clinically iron deficiency is defined as a decrease of total body iron content. 

Disruption of iron availability in the body can lead to inadequate synthesis of iron 

containing enzymes, which are essential for metabolic processes. This can induce 

haematologic, metabolic and neurodegenerative diseases (Hentze et al. 2004). 

Iron deficiency anemia (IDA) occurs when iron deficiency is severe enough to influence 

erythropoiesis.  

3.3.1.1 Anemia in end-stage renal disease 

Anemia wears the number of red blood cells (RBC) and the hemoglobin level are 

reduced and the volumes of packed RBC´s in the blood are below the normal values. In 

patients with chronic kidney disease (CKD) renal anemia is the result of inadequate 

endogenous erythropoietin production by the kidney and leads to reduced 

erythropoiesis, which can be corrected by administration of erythropoiesis stimulating 

agents like recombinant human erythropoietin (rhuEPO). 

3.3.1.2 Iron deficiency anemia in end-stage renal disease 

Response to erythropoiesis stimulating agents is largely dependent on adequacy of iron 

stores (2006). Therefore administration of erythropoiesis stimulating agents (ESA) in 

combination with i.v. iron supplementation form the cornerstones in the treatment of 

CKD patients (Kovesdy and Kalantar-Zadeh 2009). 
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3.3.1.3 Treatment of anemia in ESRD 

3.3.1.4 Parenteral iron 

According to the National Kidney Foundation Disease Outcome Quality Initiative (NKF 

KDOQI) the goal of iron therapy is to achieve and maintain a target haemoglobin level 

not greater than 13.0 g/dL in CKD patients receiving ESA therapy (2006).  

Therefore, the use of parenteral iron supplementation is recommended for patients with 

CKD, where oral iron is insufficient (2006), (Locatelli et al. 2004).  

The degradation of parenteral iron formulations occurs mainly in the reticuloendothelial 

cells and the iron is delivered by transferrin to the erythroblasts of the bone marrow. 

However, it has been shown that parenteral iron formulations can also be taken up by 

liver parenchyma cells, such as the human hepatoma HepG2 cells (Scheiber-Mojdehkar 

et al. 2003), (Sturm et al. 2003).  

The pathophysiological relevance of these in vitro findings were corroborated in a 

recent study, where a substantial number of ESRD patients (84%) receiving 

erythropoiesis stimulating agents in combination with intravenous iron were found to 

develop hemosiderosis (Rostoker et al. 2012).  

Generally, there are various IVI preparations available, which correct iron deficiency 

effectively, but there is also a potential risk factor due to the toxicity of ferrous iron 

compounds, which are associated with IVI therapy. Besides the toxicity, iron has also 

effects on endothelial cells, leucocytes and cytokines, as well as the occurrence of non-

transferrin bound iron (NTBI) in the blood.  

However, pharmacological and toxicological profiles can vary between various iron 

preparations depending on the different carbohydrate moieties.  

Multiple parenteral iron preparations exist for administration of iron to patients with 

end-stage renal disease suffering from anemia (Zager et al. 2002). Today, all i.v. iron 

products in use are iron-carbohydrate complexes, but they differ from each other by size 

of the iron core and the identity and density of the surrounding carbohydrate-shell 

(Auerbach 2010).  
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The pharmacokinetic characteristics of the i.v. iron formulas depend on the stability of 

the iron complex. A high release rate of bioactive iron results from a weak iron binding 

to the complex and results in a high risk for increased free iron when the product is 

injected. This may lead to transferrin oversaturation (Fishbane 2003), (Ternes et al. 

2007), (Toblli et al. 2010). In addition, non-transferrin bound iron (NTBI) can lead to 

oxidative stress and tissue damage (Andrews and Schmidt 2007), (Evans et al. 2008). 

There are three main classes of i.v. iron preparations used in clinic comprise for several 

years: iron dextran, iron gluconate and iron sucrose. 

3.3.1.5 Iron dextran 

Iron therapy with i.v. iron dextran is not generally recommended because of the 

potential risk of anaphylactic reactions (Faich and Strobos 1999), (Chertow et al. 2006), 

(Locatelli et al. 2004). 

3.3.1.6 Iron gluconate  

Iron gluconate is approved for use in hemodialysis patients and widely replaced iron 

dextran as the preferred intravenous iron preparation (Auerbach and Ballard 2010) 

3.3.1.7 Iron sucrose 

Iron sucrose contains no dextran and therefore the incidence of allergic side effects are 

rare (Geisser et al. 1992), (Michael et al. 2002). Iron sucrose has been well 

characterized in terms of physicochemical structure and behaviour (Danielson 2004), 

(Geisser et al. 1992).  

Clinical experience has also shown that iron sucrose is well tolerated (Van Wyck 2004). 

3.3.1.8 Generic iron sucrose 

Due to the terms of decreased drug acquisition costs, generic iron sucrose preparations 

have recently been launched onto the market. As the production process itself and 

adjuvants may have an influence of the final product, comparable to the production of 

biosimilars, also generic iron sucrose theoretically may differ from the originator. 

Therefore generic iron sucrose is regarded to be only iron sucrose similar (ISS).  
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A recently published reflection paper by the European Medicines Agency (EMA) 

illustrated the importance of non-clinical studies for generic nanoparticle iron medicinal 

product applications, such as iron sucrose complexes to ensure clinical similarity 

(Anon.). 

 

Toblli and his colleagues also raised concerns about the equivalence of original iron 

sucrose (Venofer) and ISS preparations which were marketed in East Asia (Toblli et al. 

2010). In addition there are also on-going discussions in terms of batch-to-batch 

consistency and variability of the manufacturing process of biosimilars as well as iron 

nanoparticle similars, which may account for changes in quality attributes in original 

drugs over time (Schiestl et al. 2011). 

3.3.1.9 Ferric carboxymaltose 

Recently, new generations of i.v. iron preparations came on the market, which allow 

administration of high doses of iron, which are effective in the treatment of iron-

deficiency anemia (Auerbach 2010). Ferric carboxymaltose (FC) is one of these new 

agents to be approved for more rapid administration of large iron doses (up to 1000mg). 

The preparation consists of a ferric hydroxide core stabilized by a carbohydrate shell. 

The structure of the product allows the controlled delivery of iron within the cells, with 

minimal risk of release of large amounts of ionic iron in the plasma (Geisser 2009), 

(Lyseng-Williamson and Keating 2009). 

In general, more information about cellular metabolism, possible accumulation and 

toxicity of all parenteral iron preparations are needed, because of the strong connection 

between life expectancy, used dosages and application frequency of parenteral iron in 

patients with renal failure (Parkkinen et al. 2000), (Canziani et al. 2001). 

3.3.1.10 Recombinant human erythropoietin 

A low production of erythropoietin, a shortened life span of erythrocytes, an impaired 

response of erythrocyte progenitor cells to EPO and disturbances in iron metabolism 

contribute to the development of anaemia of CRF (Arndt et al. 2005). Therefore therapy 

with recombinant human erythropoietin (rhuEPO) is necessary to avoid blood 

transfusions in dialysis patients.  
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Beside the influence of rhuEPO on iron metabolism in terms of storage, metabolic 

utilisation and release of iron in the body, it has been show that rhuEPO has pleiotropic 

effects. 

It is proposed that rhuEPO has the ability to deplete iron stores and limit systemic iron 

availability, which leads to reduced oxidative catalyses and a degree of protection 

against free radical-mediated vascular damage. There is evidence that rhuEPO could act 

as a catalytic “iron chelator” (Bailey et al. 2006). 

In addition it has been shown that rhuEPO is part of a highly potent endogenous 

neuroprotective system in the brain and acts as a cardioprotective system in the heart 

(Burger, Xenocostas, and Feng 2009), (Sirén and Ehrenreich 2001). Other pleiotropic 

effects of rhuEpo recognized were its anti-apoptotic and immune-modulatory activities 

in erythroid, parenchymal and immune cells or the increased expression of the small 

mitochondrial protein frataxin in lymphocytes (Nairz et al. 2012), (B Sturm et al. 2005). 
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3.3.2 Friedreich´s Ataxia (FRDA) 

Friedreich ataxia (FRDA) is a hereditary neuro- and cardio-degenerative disorder, with 

an estimated incidence in Caucasians of 1 in 30 000 (Epplen et al. 1997) (Pandolfo 

2012a). In particular, it is an autosomal recessive disease, which is caused by mutations 

in the FXN gene. The GAA triplet repeat expansion is in the first intron of the FXN 

gene on chromosome 9q13-21 which effects the correct transcription and reduces the 

amount of frataxin within the cell and the mitochondria (Campuzano et al. 1996).  

 

Deficiency of frataxin is related to the pathogenic mechanisms of the disease, where 

patients develop cardiomyopathy and severe neuropathology (Campuzano et al. 1996), 

(Schmucker and Puccio 2010), (Martelli et al. 2012). Heart failure is the major cause of 

death in FRDA patients, but it is not known how frataxin influences the observed 

cardiomyopathy. 

Furthermore, it has been shown that decreased frataxin expression is correlated with the 

severity of FRDA measured by the Friedreich Ataxia Rating Scale (Evans-Galea et al. 

2012). However, a general lack of frataxin is not compatible with life and causes 

embryonic lethality early in gestation in mouse studies (Cossée et al. 2000). 

3.3.2.1 Frataxin 

Frataxin is a 17kD small, ubiquitous protein which is expressed at relatively low levels. 

In adult humans, frataxin is most abundant in the heart, the spinal cord, and the cerebral 

and cerebellar cortex (Campuzano et al. 1997), (Campuzano et al. 1996). Further, 

frataxin is also expressed in the liver, skeletal muscle, pancreas and the dorsal root 

ganglia (Campuzano et al. 1997), (Koeppen et al. 2013), which represent affected 

tissues in FRDA.  

Deutsch et al. also mentioned that levels of frataxin can vary in affected individuals, 

asymptomatic carriers and controls, with evidence of overlap between these groups 

(Deutsch et al. 2010). However, individuals with the disease have FXN transcript and 

protein of only 5-30%, relative to healthy control individuals (Campuzano et al. 1997), 

(Deutsch et al. 2010), (Pianese et al. 2004).  
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3.3.2.2 Function of Frataxin 

First, the precise function of frataxin remains elusive. Current major hypotheses show 

that frataxin is involved in assembly of cellular iron-sulfur clusters (ISC) and heme 

biosynthesis (He et al. 2004),(Lesuisse et al. 2003),(Stemmler et al. 2010) which has a 

direct impact on mitochondrial function and respiration (González-Cabo et al. 2005). 

Moreover it was proposed that frataxin can act as an ‘iron sensor’, ‘metabolic switch’ 

and/or iron chaperone for ISC and/or heme biosynthesis (Baur et al. 2006), (Yoon and 

Cowan 2004), (Lane and Richardson 2010), (Richardson et al. 2010), (Colin et al. 

2013).  

Just the interaction with components of the ISC machinery is widely accepted and 

largely supported by the literature (Gerber et al. 2003), (Shan et al. 2007), (Adinolfi et 

al. 2009), (Layer et al. 2006), (Leidgens et al. 2010), (Li et al. 2009), (Wang and Craig 

2008). 

3.3.2.3 Frataxin and iron-sulfur cluster (ISC)  

ISC assembly is a mitochondrial process in eukaryotes where inorganic iron and sulfur 

is transferred by scaffold proteins to target apoproteins. Pyridoxal phosphate-dependent 

cysteine desulfurase and NFS1/ISD11 proteins in interaction with scaffold proteins are 

responsible for iron sulfur cluster biosynthesis in vivo (Raulfs et al. 2008). By using 

mammalian recombinant proteins, it has been demonstrated that frataxin interacts with 

complexes consisting of NFS1, ISCU and ISD11. This interaction leads to an increase 

of cysteine desulfurase activity, resulting in the assumption that frataxin modulates the 

capacity of NFS1 to provide sulfur for ISC formation (Schmucker et al. 2011).  

In vitro studies showed that iron loaded human frataxin has the ability to transport iron 

to the ISCU (Yoon and Cowan 2003). Beside this proposed function of being an iron 

donor for Fe-S cluster biosynthesis, frataxin could also act as a regulatory protein that 

inhibits Fe-S cluster formation (Gerber et al. 2003). Interestingly, Schmucker and her 

colleagues showed, that the iron concentration does not modulate the interaction 

between mammalian frataxin and the ternary complex, which is responsible for Fe-S 

cluster formation. (Schmucker et al. 2011), (Tsai and Barondeau 2010).  
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This suggests that frataxin is essential for iron–sulfur cluster synthesis as an allosteric 

switch that activates various iron-sulfur proteins for Fe-S cluster biosynthesis (Tsai and 

Barondeau 2010). Decreased frataxin levels, like in FRDA patients, reduce the activities 

of mitochondrial iron–sulfur-dependent respiratory chain enzymes (mitochondrial 

electron transport complexes I, II, and III) and aconitase further leading to impaired 

intracellular energy production (Pandolfo 2012b), (Bradley et al. 2000).  

All affected enzymes and complexes contain ISC at their active sites. So, free radicals 

can damage ISC and their inactivation further suggests oxidative stress in FRDA 

affected tissues (Puccio and Kœnig 2000). 

3.3.2.4 Oxidative stress and Frataxin deficiency 

Oxidative stress and mitochondrial dysfunction is a feature of FRDA and still a 

privileged target for therapy (Santos et al. 2010), (Armstrong et al. 2010), (Bayot et al. 

2011). Data from different organisms support the hypothesis that frataxin-deficiency 

causes a dysregulation in the antioxidative defense, which results in oxidative stress. 

(Santos et al. 2010), (Bayot et al. 2011), (Shan et al. 2013).  

However, much effort has been done to evaluate the potential of antioxidants in 

preventing mitochondrial damage. 

3.3.2.5 Therapeutic approaches  

Currently, there exist no viable treatments for patients with Friedreich’s ataxia. Patients 

are only monitored for symptom management. All possible treatments and therapeutic 

strategies currently under investigation can be divided into four categories: palliative 

and symptomatic treatments, use of iron chelators and antioxidants, and frataxin level 

modifiers. 

This work will just focus on the antioxidant resveratrol which was proposed to modify 

frataxin levels in vivo (Li et al. 2013). 
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3.3.2.6 Resveratrol  

 

Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a 

polyphenolic compound that is synthesized naturally 

by several plant species and is commonly found in red 

grape skin, berries and nuts (Pirola and Fröjdö 2008).  

Figure 4: Structure of resveratrol [http://sigmaalldrich.com] 

 

This compound has anti-oxidant properties which exerts its action in different ways: it 

scavenges reactive oxygen species (ROS), increases the activity of enzymes which 

metabolize ROS, such as superoxide dismutase (SOD), or decreases the activity of 

enzymes playing a role in ROS production (Rocha et al. 2009), (Juan et al. 2005), 

(Kohnen et al. 2007), (Li et al. 2006).  

Further, resveratrol was identified to increase frataxin expression in cellular and mouse 

models of Friedreich´s ataxia (Li et al. 2013). 

Therefore, an open label clinical pilot study using resveratrol as a treatment for 

Friedreich´s ataxia was performed. The target of this clinical study was to evaluate the 

effect of two different doses of resveratrol on lymphocyte frataxin levels over a 12-

week period in individuals with FRDA, which were assessed within this work by an 

improved quantitative method, developed and used for the first time during this thesis. 

Secondary aims included the effect of resveratrol on FXN mRNA, oxidative stress 

markers and clinical measures of disease severity. Safety and tolerability were also 

evaluated.  
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3.3.3 Neurodegeneration with Brain Iron Accumulation (NBIA) 

Abnormal iron accumulation in specific regions of the brain has been found in diseases 

with known genetic causes like neurodegeneration with brain iron accumulation (NBIA) 

(McNeill and Chinnery 2011). In general, NBIA disorders represent a clinically and 

genetically heterogeneous group of conditions where neurodegeneration is accompanied 

by elevated levels of brain iron.  

PARK14 Parkinsonism, a NBIA disorder, is associated with a mutation in PLA2G6 

gene, which encodes a type A2 calcium-independent phospholipase that catalyses the 

hydrolysis of glycerophospholipids and has been implicated in normal phospholipid 

remodelling, nitric oxide-induced or vasopressin-induced arachidonic acid release and 

in leukotriene and prostaglandin production (Rouault 2013).  

A lack of PLA2G6 in mouse models results in rupture of the inner mitochondrial 

membrane (Zachman et al. 2010), (Claypool and Koehler 2012). Besides this, Park 14 

shows increased brain iron, primarily in the basal ganglia and is characterized by 

progressive extrapyramidal dysfunction leading to rigidity, dystonia, dysarthria and 

sensorimotor impairment and often includes dystonia-parkinsonism. (Kurian and 

Hayflick, 2013), (Yoshino et al., 2010), (Miller et al., 2009). However, there is no 

evidence that decreased A2 calcium-independent phospholipase synthesis is responsible 

for iron accumulation in the brain (Hayflick and Hogarth 2011), and it is not known 

whether iron accumulation contributes to disease progression or whether accumulation 

of iron occurs only after widespread neuronal death. Nevertheless, clinical studies 

showed that decreasing brain iron levels with iron chelators showed significant 

improvement of neuropathy and ataxic gait in some NBIA patients (Forni et al. 2008), 

(Zorzi et al. 2011). The challenge for removal of brain iron is that potential drugs have 

to cross the blood–brain barrier and that the normal quantity of iron in the brain is not 

defined. So it is even more important that we increase our understanding of 

pathophysiological background in neurodegenerative disease which further influences 

therapeutic implications.  

Multiplex multiple reaction monitoring (MRM) proteomics was used to investigate 

patients with PLA2G6 associated neurodegeneration (PLAN) treated with the iron 
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chelator Deferiprone. The investigation focused on the patient’s systemic state of iron 

trafficking prior to and during Deferiprone treatment. Long-term goals include 

investigation of the systemic state in other neurodegeneration with brain iron 

accumulation (NBIA) diseases in order to assess possible biomarkers of disease 

progression. 

3.3.3.1 Deferiprone 

 

 

 

 

 

Figure 5: Chemical structure deferiprone [http://sigmaalldrich.com] 

 

Deferiprone (3-Hydroxy-1,2-dimethyl-4(1H)-pyridone) is an oral active synthetic iron 

chelator, of the main area of application is ß- thalassemia.  

Furthermore, the drug also shows the ability to lower iron levels in the brain, detected 

via MRI after 6 months treatment with deferiprone (Mounsey and Teismann 2012), 

(Abbruzzese et al. 2011).
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4 Aims of this thesis 

Iron is a crucial factor for life. Increased body iron stores are potentially toxic, whereas 

decreased iron levels, like in end stage renal diseases, lead to anemia, To overcome the 

challenges of anemia, intravenous iron preparations are a key component to handle this 

issue. Recently, new iron preparations were launched on the market and in addition 

there is an ongoing discussion about safety and efficacy of generic iron similar 

products.  

Therefore the first aim of this thesis was: 

• Assessment of bioavailability and stability of intravenous iron sucrose originator 

versus generic iron sucrose AZAD. 

 

Iron carboxymaltose is a new iron preparation in clinical use. The supposed benefit of 

this compound is to apply it as a safe intravenous bolus administration up to 1000mg 

iron. This may be more favourable, time- and cost saving for the patients, since less 

frequent visits at their treating physicians are needed.  

 

The second aim of this thesis was: 

 

• To characterize complex stability, toxicity and bioavailability of iron 

carboxymaltose and iron sucrose. 

 

In the last part of my thesis I concentrated on two diseases with organ- and organelle-

specific iron pathology: Friedreich´s Ataxia with iron overload in mitochondria and 

neurodegeneration with brain iron accumulation (NBIA) with brain iron overload.  

 

Therefore, the third and fourth aims of this thesis were: 

 

• Introduction of a new infrared (IR)-based spectrometry system to overcome 

challenges to assess frataxin protein levels in vivo in Friedreich`s ataxia patients 

treated with resveratrol.  
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• Using proteomics to assess potential biomarkers of systemic iron trafficking, 

inflammation and oxidative stress in a patient with PLA2G6 associated 

neurodegeneration (PLAN) being treated with deferiprone. 
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5 Results 

5.1 Bioavailability and stability of intravenous iron sucrose originator versus 

generic iron sucrose AZAD. 
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The number of tables in a publication is limited. Therefore another control experiment 

(figure 6) regarding viability of HepG2 cells incubation with iron sucrose and generic 

“Iron Sucrose Azard” is shown here.  
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Figure 6: Impact of iron sucrose and the generic “Iron Sucrose AZAD” on HepG2 cell viability 

assessed with MTT assay.  

The cells were incubated for 3h with different concentration (0-3600µM) of i.v. iron 

preparations. The number of viable cells were assessed by uptake of MTT, which correlates 

with the number of viable cells. Values are expressed as % of control (control) incubated cells.  

Animal studies have indicated that there are different effects on histological, 

biochemical and physiological behaviour in tissues after i.v. iron administration from 

different products in their ability to provoke oxidative stress and inflammatory response 

(Toblli et al. 2012a), (Toblli et al. 2009), (Apopa et al. 2009). In this in vitro study with 

liver parenchyma cells and THP-1 macrophages, we saw no differences between the 

originator and the generic iron sucrose products in terms of toxicity assessed by the 

MTT assay.  

Therefore, it is from tremendous interest that intravenous iron preparations are 

evaluated in terms of bioavailability and stability equivalency of the originator vs. ISS. 

Further it seems prudent also for physicians as well as patients who require intravenous 

iron to have available data on therapeutic equivalence of new ISS preparations versus 
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the originator. Also in some former in vitro studies we found significant differences in 

their bioavailability profiles of different classes of intravenous iron preparations 

compared to the iron sucrose originator (Sturm et al. 2010) 

It seems that NBCD (non biological complex drugs) are vulnerable for changing 

composition, quality and in vivo performance but it should be mentioned that 

“originator” have also their challenge to meet the target qualifications of constituents 

(Schiestl et al. 2011). 
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5.2 Iron sucrose and ferric carboxymaltose: No correlation between 

physicochemical stability and biological activity  
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The number of tables in a publication is limited. Therefore another control experiment 

(figure 7) regarding cytotoxicity of intravenous iron (MTT-assay) is shown here. 

Incubation of liver parenchyma cells (page 58, figure 5) and THP-1 macrophages (page 

58, figure 5) with different concentration of iron sucrose and ferric carboxymaltose 

showed no differences in viability in liver parenchyma cells. Although ferric 

carboxymaltose had a lower amount of redox-active iron, macrophages were more 

sensitive to this iron preparation in the MTT-assay (Fig 7). 

 

 

Figure 7: Cytotoxicity of intravenous iron (MTT-assay) 

HepG2-cells (A) and THP-1 macrophages (B), cultivated in 96-well plates, were incubated with 

intravenous iron preparations in DMEM (HepG2-cells) or RPMI medium (THP-1 macrophages), 

supplemented with 10% fetal calf serum, 2mM glutamine and gentamycin (50µg/mL), for 24 

hours at 37°C and 5% CO2. After removal of the incubation medium and washing of the cells, 

100µL fresh medium and 20µL MTT-solution were added to each well and incubated for 30min 

at 37°C. After removal of the incubation medium, 150µL/well MTT-solvent were added to lyse 

the cells and for dissolution of the coloured crystals. Absorption was recorded in a plate reader 

(see Materials and Methods). Shown are the means ±SEM (n=4). 
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5.3 Using proteomics to assess potential biomarkers of systemic iron 

trafficking, inflammation and oxidative stress in a patient with PLA2G6 associated 

neurodegeneration (PLAN) being treated with deferiprone. 
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Neurodegeneration with brain iron accumulation belongs to a group of degenerative 

extrapyramidal monogenic disorders with radiological evidence of iron accumulation in 

the brain (Yoshida et al. 1995), (Gregory et al. 2009), (Levi and Finazzi 2014).  

The pathobiochemical mechanism of brain iron accumulation in the different forms of 

NBIA is not clear. Interestingly is, that there are genes associated with the different 

NBIA forms that code for proteins directly involved in iron metabolism and those that 

encode proteins responsible for other functions such as fatty acid metabolism and 

lysosomal activity (Levi and Finazzi 2014)  

One of the differently grouped diseases belongs to the category phospholipase 2 group 

VI-associated neurodegeneration (PLAN). The best recognized function of this enzyme 

is the regulation of membranes, by modulating fatty acid recycling and phospholipid 

amount in the membranes (Balsinde and Dennis 1997), (Winstead et al. 2000). How 

defects in pathways that underlie phospholipid turnover lead to iron accumulation and, 

whether the observed brain iron is necessarily toxic is currently unknown. Currently the 

therapeutic option for these patients is only symptomatic treatment. 

However, preliminary clinical trials to treat brain iron accumulation with Deferiprone 

(Devos et al. 2014), (Mounsey and Teismann 2012) indicate a potential therapy to 

relieve iron accumulation and the associated increased oxidative stress to dopaminergic 

neurons in NBIA disorders.  

A PLAN patient showed in an axial gradient echo (T2*) bilateral pallidal 

hypointensities indicative of iron accumulation, without an eye-of-the-tiger sign. 

(Agarwal u. a., 2012). 

Therefore, a clinical pilot study in a patient with PLA2G6 associated neurodegeneration 

(PLAN) with Deferiprone was performed. Plasma samples from a healthy control and a 

PLAN patient were collected at baseline and during the 37 week treatment of the PLAN 

patient with Deferiprone. During this pilot study a total of 4 blood draws was scheduled 

(Data from the final blood draw were not yet available at the time of submission of this 

thesis). Potential systemic iron parameters, oxidative stress and inflammation 

biomarkers were reviewed from the literature, selection of the proteins that should be 

validated by MRM, selection of the peptides for all selected proteins (accession number 
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(uniprot), protein sequence, plasma concentration) were assessed during this thesis and 

shown in table 1. From these results a panel of 9 proteins was analysed in the plasma 

samples, including markers involved in iron metabolism (eg. transferrin, ceruloplasmin 

and haptoglobin), and inflammation (eg. Lipocalin-2). All samples were run on an 

Agilent 6490 with ion funnel and analysed as described by Domanski (Domanski et al. 

2012). Results are summarized in table 2. 

 

5.3.1 Copper transport protein Ceruloplasmin and inflammatory protein 

Lipocalin-2 

Ceruloplasmin belongs to a small group of Multi-Copper Oxidases (MCOs) in the 

human body. Ceruloplasmin has shown a variety of physiological functions. Moreover 

it has been shown that aceruloplasminaemia patients show massive iron overload in 

various tissues, including liver, pancreas and the brain (Xu et al. 2004), (Harris et al. 

1995). The absence of enzymatically-active holoceruloplasmin which confirms the role 

of ceruloplasmin in iron export seems to be responsible for the iron accumulation in 

these patients (Xu et al. 2004), (Harris et al. 1995). Interestingly, a murine model with 

ceruloplasmin/hephaestin double-knockout show protection against increased oxidative 

stress and retinal degeneration by using the oral iron chelator deferiprone 

(Hadziahmetovic et al. 2011), (Wolkow et al. 2012).  
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Figure 8: Ceruloplasmin concentration and IL-6 

Patient Plasma IL-6 levels over the course of Deferiprone treatment (orange) measured by 

ELISA. Ceruloplasmin concentration (blue) in PLAN patient plasma was analyzed using MRM 

proteomics on an Agilent 6490 at the University of Victoria Genome B.C. Proteomics Center. 

 

Assessment of patient plasma using MRM proteomics shows increased ceruloplasmin 

levels in the PLG2G6 patient compared to control, but turns to normal levels after 19 

weeks of treatment. Inflammation parameter IL-6 was increased in the patient, but 

declined during treatment with Deferiprone.  
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Figure 9: Plasma Lipocalin-2 (NGAL) 

Plasma Lipocalein-2 in PLAN patient plasma was analyzed as described by Domanski (Domanski 

et al. 2012) using MRM proteomics on an Agilent 6490 at the University of Victoria Genome 

B.C. Proteomics Center. In week 22, deferiprone treatment was dispensed 48 hours prior to 

the blood draw (resumed immediately following blood draw). 

 

Lipocalin-2 baseline levels were increased in the PLA2G6 patient in comparison to 

control until the 22 weeks of treatment. 

MRM demonstrated increased levels of lipocalin-2, an acute phase protein and 

ceruloplasmin, an iron trafficking protein in the patient. 
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5.3.2 Markers of iron trafficking 

 

Figure 10: Plasma Transferrin  

Plasma Transferrin concentration in PLAN patient plasma analyzed as previously described 

(Domanski et al. 2012) using MRM proteomics on an Agilent 6490 at the University of Victoria 

Genome B.C. Proteomics Center. For week 22 blood draw deferiprone was held for 48hours 

prior to draw (resumed immediately following blood draw). 

 

Transferrin concentrations were in a normal range at baseline and increase during 

treatment with deferiprone and decline at week 22 when deferiprone is absent. 
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Figure 11: Plasma Hemopexin  

Plasma hemopexin concentration in PLAN patient plasma analyzed as previously described 

(Domanski et al. 2012) using MRM proteomics on an Agilent 6490 at the University of Victoria 

Genome B.C. Proteomics Center. For week 22 blood draw deferiprone was held for 48hours 

prior to draw (resumed immediately following blood draw). 
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Figure 12: Haptaglobin 

Plasma hemopexin concentration in PLAN patient plasma analyzed as previously described 

(Domanski et al. 2012) using MRM proteomics on an Agilent 6490 at the University of Victoria 

Genome B.C. Proteomics Center. For week 22 blood draw deferiprone was held for 48hours 

prior to draw (resumed immediately following blood draw). 

 

Haptoglobin, which binds free hemoglobin, and also prevents from heme-iron mediated 

oxidation, increased during treatment with deferiprone but significantly decreased in 

week 22. 
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These results show that NBIA has multiple effects on systemic iron parameters. A 

summary of the influcne of the disease on systemic iron parameters in the PLAN patient 

is shown in table 2. 

Analyt 

Uniprot 

Acession 

No.: 

 

Sequence 

Reported 

plasma 

concentration 

(ng/mL) 

references 

(reporting the 

listed plasma 

concentrations) 

Ceruloplasmin P00450 DNEDFQESNR 400351,0 
(Percy et al. 

2013) 

  DLYSGLIGPLIVCR   

  NNEGTYYSPNYNPQSR   

  GEFYIGSK   

  DIFTGLIGPMK   

  GAYPLSIEPIGVR   

  HYYIGIIETTWDYASDHGEK   

  ELHHLQEQNVSNAFLDK   

c-reactive Protein P02741 APLTKPLK 1466,0 
(Percy et al. 

2013) 

  GYSIFSYATK   

  AFVFPK   

  YEVQGEVFTK   

Ferritin -L P02792 KPAEDEWGK 50,0 
(Polanski and 

Anderson 2007) 

  LGGPEAGLGEYLFER   

Gluthatione 

peroxidase 3 
P22352 QEPGENSEILPTLK 17919.0 

(Percy et al. 

2013) 

  TTVSNVK   

  PGGGFVPNFQLFEK   

Habtaglobin P00738 DIAPTLTLYVGK 1337995.0 
(Percy et al. 

2013) 

  VGYVSGWGR (+10)   

  HYEGSTVPEK   

  VVLHPNYSQVDIGLIK   

Hemoglobin 

subunit alpha 
P69905 TYFPHFDLSHGSAQVK 4898.0 (Percy u. a. 2013) 

  VGAHAGEYGAEALER   

  FLASVSTVLTSK   

Hemopexin P02790 LYLVQGTQVYVFLTK 399702.0 
(Percy et al. 

2013) 

  SGAQATWTELPWPHEK   

IL-18 Q14116 ISTLSCENK 0.059 (Anderson 2005) 

IL-1beta  P01584 ISDHHYSK 0.0050 
(Polanski and 

Anderson 2007) 

IL-8 P10145 TYSKPFHPK 0.083 
(Polanski and 

Anderson 2007) 

  ENWVQR   

Insulin (beta 

chain) 
P01308 GFFYTPK 2.0 (Anderson 2005) 

MMP8 P22894 ISQGEADINIAFYQR   

  VDAVFQQEHFFHVFSGPR   
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Table 1: Proteins and related peptidesequences for MRM-measurements 
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Table 2: Summary of the results of MRM analysis 

Control and patient plasma were analyzed as previously described (Domanski et al. 2012) using 

MRM proteomics on an Agilent 6490 at the University of Victoria Genome B.C. Proteomics 

Center. 
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5.3.3 Discussion 

Neurodegeneration with Brain Iron Accumulation (NBIA) is a group of 

neurodegenerative disorders that share a common hallmark of iron accumulation inside 

the Substantia Nigra. Excess iron is potentially cytotoxic due to the reactive Fenton 

chemistry and is therfore associated with increased oxidative neuronal cell death and 

parkinsonism (Miller et al. 2009),(Mounsey and Teismann 2012). It has been shown 

that the degree of iron accumulation is associated with the progression and severity of 

neurodegeneration (Adibhatla and Hatcher 2010). Additionally, it may also be 

associated with increased systemic oxidative stress and inflammation as well as altered 

systemic iron metabolism. PARK14 Parkinsonism is a form of NBIA involving 

mutations in the PLA2G6 gene which encodes the group VI calcium independent 

phospholipase A2, which is involved in phospholipid remodeling and membrane 

homeostasis (Morgan et al. 2006).  

We were using proteomics to assess potential biomarkers of systemic iron trafficking, 

inflammation and oxidative stress in a patient with PLA2G6 associated 

neurodegeneration (PLAN) being treated with Deferiprone. The patient showed reduced 

systemic transferrin expression at baseline, which is also present in other diseases of 

iron overload such as hemochromatosis. Further, increased inflammation parameters 

like IL-6 and NGAL were detected but declined during Deferiprone treatment. 

Ceruloplamsin, an acute phase protein was increased in the patient’s plasma at baseline, 

which can also be induced by IL-6 but was decreased during Deferiprone treatment. 

Iron trafficking proteins (haptaglobin, transferrin and hemopexin) may be elevated due 

to the response to the iron chelator Deferiprone. MRM based proteomics was successful 

in measuring a preliminary panel of markers in patient plasma at baseline and during 

deferiprone treatment.  

A possible action of Deferiprone was to bind excess iron leading to reduced systemic 

oxidative stress accompagnied by a reduction of gluthatione peroxidase.  
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5.4 Introduction of a new infrared (IR)-based spectrometry system to overcome 

challenges to assess frataxin protein levels in vivo in Friedreich`s ataxia patients 

treated with resveratrol. 
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Friedreichs ataxia is an autosomal recessive inherited disease. It is cause by an 

expansion of GAA trinucleotides in the region of chromosome 9 resulting in reduced 

expression of the mitochondrial protein frataxin. Furthermore a clinical study showed a 

correlation of frataxin content in blood lymphocytes and skeletal muscle. In addition 

muscle frataxin levels were shown to correlate with the Score for Assessment and 

Rating of Ataxia (SARA) (Nachbauer et al. 2011).  

Decreased frataxin levels are associated with increased oxidative stress in Friedreichs 

ataxia patients. To lower oxidative stress, resveratrol, a natural antioxidant was 

proposed to have beneficial effects in FRDA patients. Mouse studies showed that 

application of resveratrol resulted in a 2-4 fold increase in frataxin expression. 

Therefore, a clinical study with two different doses of resveratrol in individuals with 

FRDA over a 12-week period was performed to investigate the effect of resveratrol on 

lymphocyte frataxin levels in vivo.  

Participants were recruited from the FRDA clinic at Monash Health, Australia. A 

randomly not blinded assigned treatment arm of a low dose or high dose was 

performend. The low dose group received 500mg resveratrol twice daily (BD) (99.5% 

pure trans-resveratrol, 500mg capsules, Megaresveratrol, Danbury, CT). 2.5g BD 

resveratrol were given to the group of the high dose. Assessment of adverse events by 

the Data Safety Committee (DSC) occurred after participants in the low dose group 

(Stage 1) had completed at least 4 weeks of treatment on the study drug. Enrolment of 

participants into the high dose group (Stage 2) commenced only after approval by the 

DSC.  

Lymphocyte frataxin levels were assessed at baseline and at week 12 of treatment with 

resveratrol. Frataxin levels of lymphocytes were assessed by an improved frataxin 

ECLIA and were normalized to the protein contents of the samples which were assessed 

by a new infrared (IR)-based spectrometry system (Direct Detect® (Millipore, Austria).  
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5.4.1 Frataxin expression in low and high dose resveratrol treatment groups  

 

 

 

Figure 13: Effect of resveratrol on frataxin expression in low and high dose treatment groups 

Levels of lymphocyte frataxin did not change either with low dose [change in frataxin: 0.08 

pg/μg protein (95% CI -0.05, 0.21, p=0.21)] or high dose resveratrol [change in frataxin: 0.03 

pg/μg protein (95% CI -0.10, 0.15, p=0.62)] after 12 weeks of treatment. 

 

5.4.2 Discussion 

In vitro and in vivo animal models of FRDA treated with resveratrol show an increased 

frataxin protein and FXN mRNA expression (Li et al. 2013). Therefore this open-label 

human clinical pilot trial in FRDA was conducted. The primary outcome of this study 

was to assess the effect of resveratrol on lymphocyte frataxin protein levels after 12 

weeks of treatment with either low (1 g) or high dose (5 g) resveratrol daily. There were 

no significant changes in frataxin protein expression prior resveratrol treatment either in 

the low or high dose treatment group. The improved method for quantification of 

frataxin with the frataxin ECLIA in combination with the infrared (IR)-based 

spectrometry system (Direct Detect® ) for accurate protein quantification showed 

higher accuracy and time savings in sample preparation and test execution. 

 

 

 

Resveratrol dose 1 g daily (n=12) 5 g daily (n=12) 

Outcome measure 
Difference 

Mean (95% CI) 
p-value 

Difference 

Mean (95% CI) 
p-value 

Frataxin (pg/μg protein) 0.08 (-0.5, 0.21) 0.21 0.03 (-0.10, 0.15) 0.62 



80  Discussion 
 

     

6 Discussion 

6.1 General discussion 

Intravenous iron preparations  

are widely used to overcome anemia where oral iron administration is inefficient. 

Recently, new ISS preparations entered the market and concerns about safety and 

equivalency with the originator arise (Committee for Medicinal Products for Human Use, 

2011). In addition, a study shows some evidence that certain ISS have different safety 

and efficacy profiles compared to the originator (Toblli et al. 2009).  

However, intravenous iron preparations are also known as non-biological complex 

drugs (NBCD). “This term describes a medicinal product, not being a biological 

medicine, where the active substance is not a homo-molecular structure, but consists of 

different (closely related and often nanoparticulate) structures that cannot be isolated 

and fully quantitated, characterized and/or described by state of the art physicochemical 

analytical means and where the clinical meaning of the differences is not known. The 

composition, quality and in vivo performance of NBCD are highly dependent on 

manufacturing processes of both the active ingredient as well as in most cases the 

formulation” (Schellekens et al. 2014). 

Therefore, it is from tremendous interest that intravenous iron preparations are 

evaluated in terms of bioavailability and stability equivalency of the originator vs. ISS. 

Further it seems prudent also for physicians as well as patients who require intravenous 

iron to have available data on therapeutic equivalency of new ISS preparations versus 

the originator. Also in some former in vitro studies we found significant differences in 

the bioavailability profiles of different classes of intravenous iron preparations 

compared to the iron sucrose originator (Sturm et al. 2010). 

It seems that NBCD are vulnerable for changing composition, quality and in vivo 

performance, but it should be mentioned that “originator” have also their challenge to 

meet the target qualifications of consistent analytical quality as seen in biological drugs 

(Schiestl et al. 2011). 
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Rottembourg et. al. conducted a clinical study to assess the equivalency of ISS and 

originator in presence of EPO and conclude that ISS do not behave as efficient as the 

originator. Further, due to higher administration policy of EPO and ISA, to reach target 

Hb levels, they saw no cost benefits for the health care system (Rottembourg et al. 

2011). 

EPO is known to influence erythropoiesis and it is very likely that renal patients show 

comorbidities like EPO hyporesponsiveness (Gilbertson et al. 2013),(Eschbach et al. 

1992). Therefore it seems rather unsophisticated to draw conclusions about equivalency 

of intravenous iron sucrose products where such a dominant confounder was not taken 

into account. In this regard also other pathobiochemical mechanisms like the iron 

regulatory protein hepcidin, which strongly influences iron metabolism independent of 

the iron preparation used, should be mentioned here. 

The study outcome and evaluation parameters of this head-to-head patient’s population 

study show higher Hb levels saturation of patients treated with the originator. 

Interestingly, there was no discussion regarding the strong relationship between 

hemoglobin (Hb) levels and mortality in patients with chronic kidney disease (CKD). 

To clarify, it is generally accepted that high Hb levels are associated with increased risk 

of hypertension, stroke and hospitalizations (Jing et al. 2012). Also guidelines for 

clinical practice recommend Hb targets in the range of 10.0—12.0 g/dL (Mactier et al. 

2011).  

In addition, it has been shown that there was a significantly higher transferrin saturation 

by using the originator, but there was no biochemical discussion about these results. 

Although it is recognized, that oversaturation of Tf represents a dangerous source for 

the formation of toxic hydroxyl radicals and reactive oxygen species. (Hershko et al. 

1978),(Espósito et al. 2002). (McCord 1998). 

To address this, the quality of intravenous iron formulations were determined by the 

presence of redox-active iron. Kakhlon and colleagues showed that there is evidence for 

occurrence of tissue iron overload (eg. liver) in long-term treatment with intravenous 

iron (Kakhlon and Cabantchik 2002a). In vitro studies with liver parenchyma cells, as a 

medical representative of toxicological target cells, show that various intravenous iron 
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compounds are incorporated by liver cells, which mirrors the results of the clinical 

studies.  

In this in vitro study we compared the iron sucrose originator Venofer® and the iron 

sucrose generic ”Iron Sucrose AZAD” (ISA) in terms of iron related differences 

regarding bioavailability by using a set of different assays.  

First, uptake of iron from iron sucrose compounds were assessed in HepG2 cells and 

THP-1 macrophages to evaluate possible difference in their efficacy to overcome iron 

deficiency anaemia. No significant difference in the uptake rates between both 

compounds in HepG2 cells and in THP-1 macrophages were found. 

After administration of intravenous iron and entering the cells the iron should be 

available for the body. Therefore, the ability of iron release from iron-loaded cells was 

assessed. Liver parenchyma cells released more iron than THP-1 macrophages, but no 

significant difference between Venofer® and ISA was observed. In particular HepG2 

cells released iron within 30 minutes, whereas THP-1 cells need a time period of 2 

hours. It seems that iron in HepG2 cells was more easily accessible than the iron in 

THP-1 cells.  

The LIP represents a small part (<5%) of the chelatable total iron content and is defined 

as transient redox-active and labile iron that rapidly passes through the cell. The iron 

uptake of transferrin or non-transferrin bound iron is the major source of the LIP, after 

sequestration by the target proteins. LIP level is midway between the cellular need for 

iron and the hazard of excessive generation of hydroxyl radical (Kruszewski 2003). 

Further it has been proposed that cellular source of iron ions of the LIP play a role for 

Fenton reaction (Breuer et al. 1997). When assessing the amount of iron which enters 

the LIP in HepG2 cells from Venofer® and ISA, we found a similar dose depended 

increase of cytosolic iron concentration with both products.  

When the cellular LIP rises, the iron regulatory proteins (IRPs) lose their ability to bind 

to iron responsive elements (IRE) in several mRNAs. This, among other effects, leads 

to an increase in the synthesis of ferritin, the major iron storage protein. Iron bound to 

ferritin is harmless; synthesis of ferritin results in incorporation of cytosolic iron and 

therefore a decrease of the labile iron pool. Thus, ferritin is the major defence against 
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iron toxicity. In our study, we could not find differences in ferritin synthesis between 

the two products. 

As mentioned before, intravenous iron treatment has to be strongly controlled due to the 

danger of excess iron that generates ROS after iron infusion. Therefore, the amount of 

redox-active iron within the intravenous iron products was assessed. The iron transport 

protein transferrin is an important defence system that acts as an iron buffer in the 

plasma, which keeps the intracellular concentration of redox-active iron low and further 

avoids adverse reactions. Therefore, we tested transferrin binding capacity and found 

that the scavenging of redox-active iron by human serum is completely the same with 

both iron sucrose products at all concentrations tested. 

Tobllie et all showed organ damage and oxidative stress in rats following administration 

of high concentration of intravenous iron (Toblli et al. 2012b). This is in contrast to our 

in vitro study which showed no difference in cytotoxicity parameters in liver 

parenchyma cells with both products. 

Taken together no differences were seen between the stability of the two products 

regarding transferrin chelatable iron, the effect of ascorbic acid on transferrin chelatable 

iron and on redox-active iron generated in cell free experiments. In human serum, the 

amount of redox-active iron at clinically effective concentrations of both products was 

equally low. Our results indicate that there are no significant differences in uptake, 

increase in their labile iron pool and storage in ferritin as well as release of intravenous 

iron from human liver parenchyma HepG2-cells nor THP-1 macrophages. 

These results are in line with Elford et al. who assessed the distribution of the two 

compounds in mice and in general saw no significant differences in tissue iron levels (in 

plasma, spleen, bone marrow, liver, heart, stomach, kidneys, liver or lungs) (Elford et 

al. 2013).  More studies are needed to address the question about safety and equivalency 

of intravenous iron sucrose products with respect to possible confounders.” 

Other intravenous iron formulas, such as ferric carboxymaltose, a new parenteral iron 

preparation, have been approved for more rapid administration of large i.v. iron doses, 

which may be more favourable and time- and cost-saving for the patients, since 

physician visit-frequencies are decreased. Both products are iron carbohydrate 
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complexes, but possess different physicochemical stabilities that may differently affect 

anaemia management (Geisser u. a., 1992b), (Jahn et al. 2011). 

 

Iron sucrose (IS) and ferric carboxymaltose (FCM) were not cytotoxic for HepG2-cells. 

THP-1 macrophages were more sensitive to FCM compared to IS at all concentrations. 

It is possible that the higher damage results from extracellular iron released from FCM. 

FCM releases more iron directly than IS.  

Released bioactive iron from iron preparations may also play a role in oxidative stress 

and inflammation (Crichton et al. 2008). With IS we found higher concentrations of 

redox-active iron in comparison to FCM . 

Biostability of an iron preparation can be tested by the ability to transfer iron directly to 

transferrin with urea-PAGE and was reported to correspond to the chemical stability of 

the IVI complexes (i.e. FCM>IS) (Crichton et al. 2008). Interestingly, by using a more 

realistic approach and assessing direct transfer to transferrin in human serum instead of 

transferrin in buffer, the biostability order was reversed (i.e. IS>FCM) (Haider 2010). 

These results were confirmed by assessment of transferrin-chelatable iron by a 

fluorescence-based method. It should always be kept in mind that other plasma 

components besides transferrin influence bioavailabilty of the preparations in vivo. 

Ascorbic acid enhances iron mobilization to transferrin in serum from IS, but not from 

other iron preparations (Sturm et al. 2005),(Wang et al. 2008) and the order of chemical 

stability is not predictive for biostability in presence of ascorbic acid. In our 

experiments, as expected, transferrin-chelatable iron from IS increased in presence of 

ascorbic acid, but unexpectedly declined with FCM. This is clinically relevant, since 

ascorbic acid is investigated as a supplement for haemodialysis patients with rhuEPO 

hyporesponsiveness (Tarng 2007),(Attallah et al. 2006),(Sezer et al. 2002),(Jalalzadeh et 

al. 2012). 

In conclusion, ferric carboxymaltose has low iron–bioavailability for liver parenchyma 

cells, therefore liver iron overload is very unlikely. Ascorbic acid reduced transferrin-
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chelatable iron from ferric carboxymaltose, therefore effects on hepcidin expression 

should be investigated in clinical studies. 

Friedreich´s Ataxia 

is an inherited disease with a prevalence of 1 in 30.000 people. The mutated gene of this 

disease encodes a small mitochondrial protein called frataxin (Campuzano et al. 1997), 

(Campuzano et al. 1996). Mice studies have shown that a complete knockout of frataxin 

leads to early embryonic death and is not compatible with life (Cossée et al. 2000). 

Further it has been shown that decreased frataxin expression in Friedreich´s ataxia 

patient lymphocytes correlate inversely with age of onset and the severity of FRDA 

measured by the Friedreich Ataxia Rating Scale (Evans-Galea et al. 2012). However, it 

is known that frataxin has the ability to interact with proteins, which are involved in 

mitochondrial Fe-S biogenesis. This implicates that frataxin plays a role in Fe-S cluster 

assemble but the cellular mechanism that combine frataxin deficiency to mitochondrial 

iron overload is not clear. However, resveratrol, an antioxidant, was shown to modify 

frataxin levels in animal studies (Li et al. 2013). In a clinical study where Friedreich`s 

ataxia patients were treated with resveratrol for 12 weeks, no significant changes in 

frataxin protein expression could be observed. In this study frataxin levels in patient 

lymphocytes were assessed by an improved method using a combination of frataxin- 

ECLIA and a new infrared (IR)-based spectrometry system for more accurate frataxin 

quantification which is time saving in sample preparation and test execution. 

Neurodegeneration with brain iron accumulation (NBIA) 

belongs to a group of degenerative extrapyramidal monogenic disorders with 

radiological evidence of iron accumulation in the brain. 

Using proteomics biomarkers of systemic iron trafficking, inflammation and oxidative 

stress in a patient with PLA2G6 associated neurodegeneration (PLAN) treated with the 

iron chelator Deferiprone showed reduced systemic transferrin expression at baseline, 

which is also present in other diseases of iron overload such as hemochromatosis. 

Inflammation parameters like IL-6 and NGAL were increased but declined during 

Deferiprone treatment. Ceruloplamsin was increased at the baseline in the patient’s 

plasma, which can also be induced by IL-6, but is decreased during Deferiprone 
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treatment. Iron trafficking proteins (haptoglobin, transferrin and hemopexin) may be 

elevated due in response to the iron chelator Deferiprone. MRM based proteomics was 

successful in measuring preliminary panel of markers in patient plasma at baseline and 

during deferiprone treatment.  

6.2 Conclusion and future prospects 

The present work aimed to 

 

(1) investigate possible differences in biostability and efficacy of different 

intravenous iron preparations in a non-clinical study. Intravenous iron 

preparations are used when oral iron is insufficient to meet the body`s iron 

demand, like in patients with renal anemia. 

(2) focus on the influence of resveratrol, an antioxidant, to improve frataxin 

expression in Friedreich`s ataxia patients. Frataxin is known to play a role in 

iron sulphur cluster assembly and heme biosynthesis.  

(3) concentrate on a fingerprint analysis of plasma of a NBIA patient with brain 

iron accumulation, who was treated with the iron chelator Deferiprone. This 

approach should lead to the detection of biochemical markers of disease 

progression.  

 

Taken together this work gave several new biochemical insights on iron related 

disorders by investigation, description and evaluation of the current state of medical 

knowledge on diagnostic tests and therapeutic techniques. 

 

In case of anemia of chronic kidney disease we focused on treatment, safety and 

efficacy of intravenous iron preparations as well as aspects to decrease costs of the 

medical health care system. We found that generic iron sucrose AZAD and the iron 

sucrose originator Venofer have no differences regarding safety, biostability and 

metabolism in a non clinical study with liver parenchyma cells and macrophages.  

Iron sucrose and ferric carboxymaltose, which represents a new a high dose intravenous 

iron formulation, were investigated regarding iron metabolism and biostability. We 

found that FCM has low bioavailability for liver parenchyma cells, therefore liver iron 
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deposition is unlikely. Ascorbic acid reduced transferrin-chelatable iron from ferric 

carboxymaltose, thus effects on hepcidin expression should be investigated in clinical 

studies. 

 

Friedreich´s ataxia is an inherited disease with increased iron accumulation in 

mitochondria and in the brain and increased oxidative stress. It is known that the 

number of GAA repeats inversely correlates with frataxin expression, severity and age 

of onset of the disease. Resveratrol, a natural antioxidant has been shown to increase 

frataxin levels in a mouse model and in patient fibroblasts and lymphocytes. In a 

clinical pilot study with resveratrol in Friedreich`s ataxia patients for 12 weeks, no 

beneficial effect in terms of increasing Frataxin levels were observed. Further clinical 

studies with longer treatment periods and a different dose regime are warranted. 

 

Neurodegeneration with brain iron accumulation (NBIA) with mutation in the PG2G6 

gene displays a deficiency of the enzyme phospholipase A2G6. The underlying 

mechanism leading to the development of brain iron accumulation and oxidative stress 

generation is still unknown. 

From clinical studies it is known that the iron chelator deferiprone is able to lower brain 

iron. In a clinical pilot study with Deferiprone in a PG2G6 patient, proteins involved in 

iron metabolism were screened during Deferiprone treatment to shed light on possible 

disturbances in iron metabolism. Analysis of the full panel of proteins involved in iron 

metabolism, oxidative stress and inflammation as proposed in this thesis should lead to 

the detection of biochemical markers of disease progression in the future. 

 

Taken together, iron is a crucial component in the body and has to be tightly controlled 

and any misbalance has tremendous effects on human health. Knowledge of iron 

metabolism in health and disease is therefore a key component for identifying new 

active ingredients for innovative therapeutic approaches in the future. 
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7 Appendix: Materials and Methods 

Chemicals and reagents were acquired from Sigma-Aldrich, Merck or Roth, unless 

otherwise indicated.  

7.1 Cell culture 

All materials were sterilized at 180°C. In addition sterilisation of the laminar flow hood 

by UV-radiation for 15 minutes was used.  

7.1.1 Cell lines 

7.1.1.1 THP-1 cells 

THP-1 is a human monocytic cell line, which was created in 1980 from the blood of an 

one year-old boy, diagnosed with acute monocytic leukemia (Tsuchiya et al. 1982). The 

peculiarity of this cell line is the ability to differentiate into macrophages under certain 

conditions. 

7.1.1.2 HepG2 cells 

HepG2 (hepatocellular carcinoma, human) cells are an adherent cell line, growing as 

monolayer and in small aggregates. This cell line was derived from the liver tissue of a 

15 year-old male with differentiated hepatocellular carcinoma.  

7.1.2 Preparation of cell culture media  

7.1.2.1 Cell culture medium for THP-1 cells 

The powder medium (RPMI 1640 Instamed 10.34g/l, PAA Laboratories GmbH) was 

dissolved in 9L water and 10g sodium bicarbonate (NaHCO3). A pH-value of 7.25 was 

adjusted using HCl and filled up to a volume of 10 liters. In the Laminar Air Flow 

(clanLAF), the medium was pumped into 0.5 L glass bottles which was previously 

sterilized through a filter with a pore size of 0.2 µm (Satorius). The bottles was stored at 

4°C. 

By addition of 10% fetal bovine serum (FBS, Bichrom), 2mL L-glutamine (PAA 

Laboratories GmbH) and 0.1mg/mL gentamycin (PAA Laboratories GmbH) the 

complete growth medium was obtained. 
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7.1.2.2 Cell culture medium for HepG2 cells 

For the cultivation of HepG2 cells, Dulbecco's Modified Eagle's Medium (DMEM high 

glucose 4.5g/L, PAA Laboratories GmbH) was used. The production process was 

carried out as described before in 4.1.2.1. 

7.1.3 Cell culturing 

7.1.3.1 THP-1 cells 

Sterile culture flasks (TPP, 75cm2) with 20mL cell suspension were cultured in an 

incubator (Binder) at 37°C and 5% CO2 atmosphere. Every second or third day fresh 

37°C nutrient medium was added under sterile conditions (Laminar Air Flow) to the 

cells to obtain a cell density between 0.4 to 0.9 million cells/ml.  

 

7.1.3.2 HepG2 cells 

These cells are adherent cells and were cultured in steril culture flasks (TPP, 75cm2 ) 

with 20 mL medium and grown in an incubator (Binder) at 37°C and 5% CO2 

atmosphere. To passage cells, the medium was sucked of and the cell monolayer was 

briefly rinsed with pre-warmed (37°C) 0.05% trypsin- EDTA solution for 2-3 minutes. 

Afterwards the trypsin was removed and again pre-warmed (37°C) 0.05% trypsin- 

EDTA solution was added and incubated at 37°C and 5% CO2 atmosphere until the 

cells were detached from the surface (5-10 minutes). To deactivate trypsin an equal 

volume of complete growth medium was added. The cells were split every 2 to 3 days 

and seeded at a density of 0.5 millions cells/ml in new flasks. 

7.1.4 Cell Counting 

The cell number was measured with the automatic cell counter  

Microcellcounter CC-108 (Sysmex®). Under sterile conditions 1 mL of the cells was 

transferred from the culture flask into an Eppendorf tube. Afterwards under non-sterile 

conditions, 200µL of the cell suspension were moved into a special counter vessel and 

mixed with 9.8mL of a counter liquid (Cellpack PK-30, Sysmex®) and measured twice 

with the cell counter. In addition, this technique did not discriminate between vital and 

dead cells. 
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7.1.5 Cryopreservation of cells  

To store cells for a longer period of time, liquid phase nitrogen storage is required. 

Therefore, the cells were counted and centrifuged at 1800rpm for 5 minutes at 4°C. The 

supernatant was removed and the cell pellet was resuspended in a cyroprotective 

medium (DMEM or RPMI full growth medium and 10% (v/v) DMSO) to obtain a cell 

count of 3 million cells per milliliter. In the laminar flow 1 or 1.5mL of the cell 

suspension was transferred into cryotubes (Cryovial) and placed into a special container 

(Nalgene Cryo 1°C Freezing Container). This container was filled with isopropanol to 

ensure a slow freezing rate of -1°C per hour at -80°C. After 72 hours the cryotubes were 

ready to be stored in the liquid phase nitrogen. 

7.1.6 Thawing of THP-1 and HepG2 cells  

Rapid thawing was very important to ensure high cell viability. Cryotubes were taken 

from the nitrogen storage and placed into ice. Afterwards the cryotubes were placed into 

a 37°C water bath before the cell suspension was diluted in 10mL RPMI or DMEM 

culture medium and transferred into culture vessels (THP-1 cells – in flasks for non-

adherent cells, HepG2 cells – in flasks for adherent cells). 

7.1.7 Differentiation and incubation of cells 

7.1.7.1 Differentiation of THP-1 cells to macrophages 

Differentiation of THP-1 cells to macrophages was induced by addition of PMA 

(phorbol 12-myristate 13-acetate; stock solution 810µM in DMSO, stored at -20 °C) 

(Tsuchiya et al. 1982).  

 

2mL cell suspension per well (containing 0.5 million cells/mL) were seeded in 6 well-

plates (Greiner-Bio-one GmbH) in the presence of PMA (160µM). After approximately 

72 hours in the incubator differentiation was completed.  

 

7.1.7.2 Incubation of differentiated THP-1 cells 

Four days following initiation of differentiation by PMA, the cells in 6-well-plates were 

ready for the experiments. Just before the experiment the culture medium was removed 
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and the cells were covered with 1mL of different dilutions of the iron formulations in 

supplemented RPMI medium. Incubation periods varied between 3 and 24 hours at 

37°C and 5% CO2 atmosphere.  

7.1.7.3 Incubation of HepG2 cells  

HepG2 cells were seeded in 6-well-plates (0.5 Mio cells/mL per well) and stored in an 

incubator. After 3 days, the cells were used for the experiments. Again, just before the 

incubation with the reagent of interest the culture medium was removed and then the 

cells were covered with 1mL of different dilutions of iron formulations in supplemented 

DMEM medium. Incubation periods varied between 3 and 24 hours at 37°C and 5% 

CO2 atmosphere.  

7.1.8 Incubation with different intravenous iron preparations 

All iron formulas in the experiments were used at maximal clinically relevant 

concentrations and were always corresponding to those expected in the plasma of 

patients after receiving the maximal recommended single dose. From pharmacokinetic 

studies in healthy volunteers it is known that the mean volume of distribution of the 

central compartment is 3L, hence close to the volume of plasma (Danielson et al. 1996). 

The expected plasma concentration of intravenous iron after infusion of 100mg IVI is 

therefore close to 600µmol/L serum, and with 300mg one can expect serum 

concentrations close to 1800µmol/L. 

7.1.8.1 Preparation of cell lysates 

Cell lysis was performed using the following solutions:  

NP-40 cell-lysis buffer: 

150mM NaCl 

1 % IPEGAL CA630 (NP-40) 

50mM Tris (hydroxymethyl)-aminomethan, pH 8.0 

Storage at 4°C. 

Before use 1mM phenylmethylsulfonylfluorid (PMSF), a protease inhibitor was added 

to the NP-40 cell lysis buffer.  

 

The next steps were performed on ice. 
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The supernatant was removed and the cells were incubated with medium containing 

50µM diethylene triamine pentaacetic acid (DTPA) for 5 minutes on the belly dancer. 

Following removal of the washing solution the cells were washed twice with cold FCS 

free medium to remove surface bound iron. The 6-well plates were stored overnight  

at -20°C.  

Then, the cells were lysed with ice-cold NP-40 lysis buffer (350µL per well) containing 

1mM of the protease inhibitor PMSF on the belly dancer for 10 minutes.  

Then the cells were detached from the plate with a cell scraper (Greiner-Bio-One 

GmbH) and the lysate was transferred to the next well. This ensured that all cells from 

the 6-well plate were collected in a small volume of 1000µL lysis reagent and 

transferred to one single microcentrifuge tube. The lysates were shortly sonicated 

(Inula) and stored at -20°C. 

7.1.8.2 Quantification of protein in the cell lysates 

The protein content of the lysates was measured by the Bio-Rad Protein Assay. This 

method is based on a complex formation between Coomassie-Briliant Blue G-250 and 

free amino groups of the proteins which ensures a colour change form brown to blue 

and a measurable shift in the absorption spectrum from 465nm to 595nm (Bradford 

1976). 

Concentration (µg/µL) µL BSA solution  µL H2O dest. 

0 0  800  

2 20  780  

4 40  760  

6 60  740  

8 80  720  

10 100  700  

 

Table 3: Pipetting scheme of protein standard solutions 

Next, dilutions of bovine serum albumin (BSA) were prepared in duplicates from a 

0.1mg/mL bovine serum albumin (BSA) solution according to the pipetting scheme 

shown in table 3. The samples (0.5 to 2µL) were diluted to a final volume of 800µL 

with distilled water. 200µL of Biorad reagens (Bio-Rad Laboratories GmbH) were 
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added to all standards and samples and mixed. After an incubation of at least 20 minutes 

at room temperature, 200µL of each sample were transferred into a 96-well microtiter 

plate (Greiner-Bio-One GmbH) and measured in a photometer at 595nm (Anthos 

Zenyth 3100).  
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Figure 14: Example of a typical standard curve for protein quantification with Bradford. 

The protein content of the samples was achieved by comparison with the standard 

curve. Evaluation was performed by the program GraphPadPrism, Version 5. 

 

7.2 Quantification of iron in biological samples 

7.2.1 Measurement of cellular iron content by the Ferrozine method  

Ferrozine is an iron chelator for ferrous iron and forms a purple ferrous-ferrozine-

complex which can be measured spectrophotometrically at 540nm (Fish 1988). 

For the ferrozine method the following solutions were prepared:  

Reagent A: 

10mL 1.2M HCl 

10mL 4.5% (w/v) KMnO4  

First 0.45g of KMnO4 was diluted in 10mL distilled water and mixed with 1.2M HCl 

(10mL) protected from light and used immediately.  
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Reagent B (for 20mL reagent) 

64mg 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt 

hydrate (ferrozine) 

64mg neocuproin  

7.04g ascorbic acid  

7.76g ammonium acetate  

 

Ascorbic acid and ammonium acetate were dissolved in a small volume of distilled 

water. In two separate microcentrifuge tubes neocuproin and ferrozine were dissolved in 

1mL distilled water and added to the other solution. Distilled water was added to this 

solution to a final volume of 20mL. Reagent B was stored at 4°C, protected from light 

for up to 4 weeks.  
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iron concentration (µg/mL)  µL iron solution (µl) µL H2O dest. 

0,2 5  495  

0,4 10  490  

0,6 15  485  

0,8 20  480  

1,5 40  460  

2,4 60  440  

3,2 80  420  

4,0 100  400 

0 0 500  

 

Table 4: Pipetting scheme to generate standard solutions of different iron concentrations for 

the ferrozine assay 
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Figure 15: Representative ferrozine standard curve 

All standards, samples and blanks were prepared in duplicates. Standard solutions of 

different iron concentrations were prepared in 2mL microcentrifuge tubes according to 

table 4. All samples (cell lysates) were diluted with deionized water to a final volume of 

500µL. The blank consisted of 500µL deionized water. 
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Then 250µL of reagent A were added to each standard, sample and blank. For complete 

digestion all tubes were incubated in a water bath at 60°C for two hours. After cooling 

to room temperature 50µL reagent B were added to each tube and mixed. To clear the 

samples from possible precipitates they were centrifuged at 650g for 5 minutes.  

Then from each tube 200µL were transferred into the wells of a 96-well microtiter plate 

(Greiner-Bio-One GmbH). After a total incubation time of 30 minutes with reagent B, 

absorbance was measured with a plate reader (Multilabel Counter, Wallac Victor 1420) 

at 540nm. The amount of iron measured in each sample was then normalized to the 

amount of protein in the sample using the BioRad protein assay. 

7.2.2 Release of iron from iron loaded cells 

The protein transferrin is responsible for iron circulation in our body. Under physiologic 

conditions the plasma concentration of transferrin is in the range from 2.2 to 3.7mg/mL 

(26-42µmol/L). It is known, that transferrin bound iron is the only source of iron for 

erythroblasts and therefore it is very important for an adequate heme synthesis. 

Therefore, apotransferrin, at a physiologically relevant concentration of 2.5mg/mL, was 

used to support iron release from cells, previously loaded with different iron 

preparations. 

HepG2-cells and THP-1 macrophages were cultivated in 6-well plates and were 

incubated with 1200µM intravenous iron (Venofer, ISA, Ferinject) in DMEM or RPMI 

containing 10% fetal calf serum, 2mM glutamine, gentamycin (50µg/mL) for 3h at 

37°C. After removal of the incubation medium, the cells were washed once with ice 

cold medium containing 50µM DTPA, a strong impermeant iron chelator and twice 

with pure medium to remove surface bound iron. Finally the cells were incubated with 

medium, supplemented with 20mM Hepes (4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid, pH-7.4) and 2.5mg/mL apotransferrin to promote cellular iron 

release. Control values represent the basal iron release obtained by cells not loaded with 

iron. The release of iron was measured in a time dependent manner in a Hitachi 8000 

atomic absorption spectrometer with heated graphite tubes and longitudinal Zeeman 

effect background correction, in aliquots of the release medium. All measurements were 

carried out at 248.3nm using a hollow cathode lamp (HCL), the slit width was 0.2nm. 
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The sample volume used was 15μL and no matrix modifier was applied. The amount of 

iron in the release medium was correlated to the amount of protein in the well using the 

BioRad protein assay. 

7.2.3 Intracellular labile iron pool (LIP) 

The principle of the measurement of the labile iron pool is shown in a cartoon in  

figure 16 (Kakhlon and Cabantchik 2002b). 

 
 
Figure 16: Measuring the labile iron pool (LIP) (Kakhlon and Cabantchik 2002b) 

„Cells are loaded with the acetomethoxy derivative of CAL (CAL-AM) which is 

nonfluorescent and membrane permeant. Upon entry to cells, CAL-AM is hydrolyzed to 

give the fluorescent CAL, which is quenched upon binding of iron. Anti-CAL 

antibodies are added to ensure that the measured fluorescence is intracellular. SIH, a 

strong permeant iron chelator evokes fluorescence dequenching by binding CAL-bound 

iron in a manner proportional to CAL-bound iron [CAL-Fe]“ (Kakhlon and Cabantchik 

2002b). 

Quantification of cellular labile iron was performed using the following solutions:  

Hepes: 

400mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, pH 7.3 (Hepes) was 

dissolved in distilled water and the pH was adjusted with HCl to 7.3. Next, sterile 

filtration was conducted following storage at 4°C. 
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DTPA: 

5mM N,N-Bis(2-[bis(carboxymethyl)amino]ethyl)glycine (DTPA)was also dissolved in 

distilled water and pH 7.3 was set with HCL following sterile filtration and storage at 

4°C. 

 

SIH: 

2,5mM Salicylaldehyde isonicotinoyl hydrazone (SIH) was dissolved in DMSO. 

21mg of SIH was dissolved in 18mL DMSO and 22mL of distilled water and divided 

into aliquots and stored at -20°C. 10µL of the solution were added to each well for the 

experiment. 

 
Calcein –AM: 

0.25µM Calcein-AM (acetoxymethyl ester) were used for the experiments therefore  

50µg of Calcein-AM were dissolved in 100µL DMSO (anhydrous) and protected from 

light, divided into aliquots of 10µL and stored in the dark at -20°C.  

10µL Calcein-AM were added per mL of Hepes buffered medium to quench 

extracellular iron.  

 

HepG2-cells were cultivated in 96 well-plates and incubated with 1200µM, 600µM and 

300µM intravenous iron (Venofer, ISA, Ferinject) for 3 hours diluted in DMEM, 10% 

fetal calf serum, 2mM glutamine, gentamycin (50µg/mL) for 3h at 37°C. At the end of 

the incubation time the medium was removed and the cells were incubated for 5 

minutes with medium containing 50µM DTPA and additionally washed twice with pure 

medium to remove surface bound iron. Further, the cells were loaded with 100µL of 

0.25µM Calcein-AM in 20mM Hepes-buffered medium for 15 minutes at 37°C. 

Fluorescence was measured at Ex 485nm/Em535nm (measurement A) in a fluorescence 

plate reader (Microplate multimode reader, Anthos Zenyth 3100). Three minutes after 

the addition of 10µL SIH (100µM) per well, the plate was measured again 

(measurement B). The difference between measurement B and measurement A 

represents the labile iron pool. The labile iron pool of control cells (without treatment 

with iron preparations) was set as 100%. 

Due to technical reasons the LIP could not be measured in THP-1 macrophages. 
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7.2.4 Cellular ferritin content 

To quantify cellular ferritin, the cells had to be first lysed with NP-40 cell lysis buffer 

followed by quantification of ferritin in the lysate by a commercially available ferritin-

ELISA. 

The NP-40 cell-lysis buffer consisted of 150mM NaCl, 1% PEGAL CA630 (NP-40) 

and 50mM Tris (hydroxymethyl)-aminomethan, pH 8,0 and was prepared by mixing. 

 

1.5mL of NaCl solution (5M Stock) and 2.5mL of Tris (hydroxymethyl)-aminomethan 

in a 50mL tube and filled up with dest. water. Then 0.1mL of 1% PEGAL CA630 (NP-

40) were added to the tube, mixed and stored at 4°C. 

 

Directly before use a protease inhibitor 1mM phenylmethylsulfonylfluorid (PMSF) 

dissolved in DMSO was added to the NP-40 cell lysis buffer.  

 

HepG2-cells and THP-1 macrophages cultivated in 6 well plates were washed first with 

1mL of pure medium (37°C), then the cells were incubated with 1mL of 1200µM 

intravenous iron (Venofer, ISA, Ferinject) in DMEM or RPMI containing 10% of fetal 

calf serum, 2mM glutamine and 10% gentamycin for 3h, 6h and 24h. At the indicated 

time points the incubation medium was removed and the cells were washed once with 

medium containing 50µM DTPA and once with pure medium. After complete removal 

of the washing solution, the plate was stored at -20°C for 24h. Next day each well was 

lysed with 100µL NP-40 buffer containing 1mM PMSF. The amount of ferritin in the 

samples was measured using a human ferritin ELISA (BioCheck Inc., California, USA). 

The assay system used one rabbit anti-ferritin antibody for solid phase immobilization 

and a mouse monoclonal anti-ferritin antibody in the antibody-enzyme (horseradish 

peroxidase) conjugate solution. Protein concentrations were determined by the Bradford 

assay (BioRad Protein assay, BioRad, Vienna, Austria) and the ferritin content was 

normalized to the protein content in the cell lysates. 

7.2.5 Transferrin-chelatable iron 

Transferrin-depleted human serum was incubated with 75µM intravenous iron 

(Venofer, ISA, Ferinject) alone or in the presence of 0.56mM ascorbic acid (Asc) for 1 
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hour at 37°C. The samples were then mixed with reagent A (HBS containing 0.6µM 

fluorescein-labeled apotransferrin, Fl-aTf) or reagent B (same as reagent A, but 

containing 5mM EDTA) and incubated at 37°C in the dark. After 1h, 2h and 3h the 

fluorescence was measured at Ex 485nm/ Em 535nm in a fluorescence plate reader 

(Anthos Zenyth 3100) from Perkin Elmer. The ratio between the incubation with and 

without EDTA (reading B/A) was calculated and correlated to a standard curve 

generated with ferrous ammonium sulfate at concentrations ranging from 0-20µM. 

7.2.5.1 Fluorescein-labeled apotransferrin 

To obtain Fluorescein-labeled apotransferrin (Fl-aTF), 8mg/mL apotransferrin 

(100µM/L, based on MW 80.000Da) was diluted in 100mM NaHCO3, pH 8.4, and 

100µM of 5-(4,6-dichlorotriazinyl) aminofluorescein (DCTAF) from a freshly prepared 

10mM solution in dimethylsulfoxid where added.  

After incubation in the dark for 30min at 37°C, 5mM L-lysine, pH 8, was added to stop 

the reaction. Next, the Fl-aTf was dialyzed against HBS, divided into aliquots and 

stored at -20°C.  

To test the final preparation of 100µM Fl-aTf a polyacrylamide gel electrophoresis was 

performed. This gave a single fluorescent band at approximately 80.000Da. The 

concentration of fluorescein in FL-aTf was measured by DCTAF as standard solution 

(a-Tf: fluorescein of 1:0.84) at 496nm. 

7.2.5.2 Redox-active iron in iron sucrose preparations 

The measurement of redox-active iron was performed according to the method of 

Esposito (Esposito et al. 2003), with slight modifications as reported by Schaller 

(Schaller et al. 2005). This method is based on the principle that dichlorofluorescein 

(DCF) is converted from its non-fluorescent to its fluorescent form by several oxidants.  

2´,7`-Dichlorofluorescein diacetate (DCFH-DA) was hydrolysed to receive DCF. For 

hydrolysis 0.5mL 1mM DCFH-DA were mixed with 2mL 0.01M NaOH and incubated 

at 25°C for 30min in the dark followed by neutralisation with 10ml 25mM Na-

phosphate buffer (pH 7.2).  
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Redox-active iron was assessed in plasma like medium or human serum (20µl) which 

was supplemented with various concentrations of i.v. iron preparations and transferred 

in quadruplicates to black, clear bottom 96 well plates (Greiner, Bio-one, 

Kremsmünster, Austria). Plasma like medium was composed of 20mM Hepes, pH 7.4, 

150mM NaCl, 120µM sodium citrate, 40µM ascorbic acid, 1.2mM Na2HPO4, 10mM 

NaHCO3 and 40mg/mL bovine serum albumin and was rendered iron free before use by 

treatment with 1g/100mL Chelex-100 (Sigma). Two wells were incubated with iron free 

HBS (20mM Hepes, 150mM NaCl, pH 7.4) containing 150µM ascorbate and 5µM DCF 

at 37°C in the dark. The other two wells were incubated with 180µl of the same solution 

containing 50µM of the iron chelator Deferiprone (L1). HBS was rendered iron free by 

treatment with 1g/100mL Chelex-100 (Sigma). The kinetics of fluorescence increase 

was measured in a fluorescence plate reader (Anthos Zenyth 3100) from Perkin Elmer 

with excitation/emission filters of 485nm/530 nm. Measurements between 120 and 375 

minutes were used to calculate slopes of DCF fluorescence intensity over time. The 

fluorescence increase measured in the presence of L1 represents oxidation of DCF by 

several other oxidants, e.g. peroxidases or hypochlorous acid generated by 

myeloperoxidases. Therefore, the difference in the rate of oxidation of DCF with and 

without addition of the chelator L1 represents the redox-active component of NTBI. The 

duplicate values of the slopes with and without addition of L1 were averaged, and 

redox-active iron (in µM) was determined from calibration curves correlating the 

difference in slopes with and without L1 against the iron concentration (Schaller et al. 

2005). 
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7.2.6 Cytotoxicity 

7.2.6.1 MTT- assay 

The MTT assay measures the reduction of yellow MTT (3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide) into an insoluble purple formazan product in 

metabolically active cells. This reaction relies in the presence of active reductase 

enzymes, conversion is directly attributable to the number of viable cells (Mosmann 

1983). This mechanism is shown in figure 9. 

 

 

 

 

 

 

 

Quantification of cell viability by using the MTT assay was performed using the 

following solutions: 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was dissolved in 

PBS (1x) reaching an concentration of 5mg/mL, filtered through a 45µm membrane 

filter and stored at -20°C in the dark. 

 

MTT solvent consists of 200µL 2-propanol, 200µL Nonident P40 (Fluka) and 160µL of 

5M HCl which were mixed and stored at 4°C.  

 

Figure 17: MTT-assay  

(http://en.wikipedia.org/wiki/File:NewMTTscheme1.pdf; retrieved in June 2013) 
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HepG2-cells or THP1-macrophages, cultivated in 96-well plates were incubated with 

various concentrations of intravenous iron preparations in DMEM or RPMI-medium, 

supplemented with 10% fetal calf serum, 2mM L-glutamine, and gentamycin 

(50µg/mL) at 37°C and 5% CO2 for 24 hours. After removal of the incubation medium 

and washing of the cells, they were incubated with 100µL/well of fresh medium and 

20µL/well MTT-solution for 30min at 37°C. The MTT solution was prepared by 

dissolving 5mg MTT per milliliter phosphate buffered saline, at pH 7.4. Subsequently, 

the wells were carefully emptied and filled with 150µL MTT-solvent (4mM HCl, 0.1% 

Nonident P-40 in isopropanol) to lyse the cells and dissolve the coloured crystals under 

constant agitation for 15min. Absorption was measured at 595nm (measuring 

wavelength) as well as 620nm (reference wavelength) in a fluorescence plate reader 

(Anthos Zenyth 3100) from Perkin Elmer. 

7.2.6.2 Resazurin- assay 

The resazurin-assay is a colorimetric test were Resazurin (7-hydroxy-3H-phenoxazin-3-

one 10-oxide) is reduced to red fluorescent resorufin shown in figure 4. Viable cells 

retain the ability to convert resazurin into resorufin the fluorescent end product, non-

viable cells do not. The metabolic capacity is too low to generate a fluorescent signal. 

 

 

Figure 18: Mechanism of intracellular reduction of resazurin to resorufin  

(http://www.promega.de/resources/protocols/technical-bulletins/101/celltiter-blue-cell-

viability-assay-protocol/; retriever in June 2013) 
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Quantification of metabolic capacity by the resazurin-assay was performed by using the 

following solutions. 

DFO: 

50µM/L Deferioxamin (DFO) diluted in dest. water was used to mimic anemic 

conditions in the cell culture. 

HEPES buffered phenol red-free medium: 

400mM 2-(4-(2-Hydroxyethyl)- 1-piperazinyl)-ethansulfonsäure (HEPES) was 

dissolved in dest. water and added to phenol red-free medium to obtain a final 

concentration of 20mM HEPES. 

Resazurin solution (4mM): 

4mM 7-Hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt was dissolved in distilled 

water, proportionalized in 1.5mL and stored light-protected -20°C. 

Used Resazurin solution (3µM): 

Previously prepared 4mM resazurin solution was diluted in HEPES buffered phenol 

red-free medium (20mM) to reach a concentration of 3µM resazurin. 

HepG2 cells were cultured in 96-well plates (Greiner Bio-One) and preincubated with 

50µM/L DFO for 6 hours to induce iron deficiency. Then the iron depleted cells were 

incubated with different concentrations of iron sucrose or iron carboxymaltose  

(225 – 3600µM iron) for 24 hours. The next day the supernatant was removed and 

washed once with phenol red-free DMEM. 4mM resazurin solution (see above) was 

diluted in HEPES buffered phenol red-free medium (20mM) to reach a concentration of 

3µM resazurin. 200µL of this solution was added in each well. Next the absorbance at 

595nm was measured at 37°C in the bottom read mode in a plate reader (Anthos Zenyth 

3100) every 15 minutes for 3 hours. 

The calculations were performed with the program GraphPad Prism 5 (GraphPad 

Software, Inc., San Diego, California, USA). 
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A 

7.3 Measurement of Frataxin in Friedreich´s Ataxia lymphocytes by ECLIA 

The Meso Scale Discovery platform was used to quantify the frataxin levels in FRDA 

lymphocytes. Electrochemiluminescent Immunoassay (ECLIA) involve 96 well multi-

array high bind plates (Meso Scale Discovery) which were first coated with monoclonal 

mouse anti-frataxin antibody. Then the sample was applied, next the second antibody 

(polyclonal rabbit anti frataxin) was added and binds subsequently to frataxin. The last, 

third antibody (goat anti rabbit) is linked by a sulfo tag which acts as the detection 

antibody for quantification of frataxin (Figure 19B). This Principe is an “antibody-

antigen –antibody” formation, which is used in a Sandwich- Enzyme-linked 

Immunosorbet Assay (ELISA). The only difference is that the detection antibody is a 

labelled non- radioactive and stable reagent called MSD SULFO-TAG™ (Figure 19). 

 

 

 

 

 

 

 

 

Figure 19: Measurement of frataxin with ECLIA (modified) 

A: Each spot within the 96 well Multi-Array High Bind plates (Meso Scale Discovery) shown 

above posses a working electrode surface that binds capture reagent.  B: The working 

electrode is coated with the capture antibody (blue), a monoclonal mouse anti frataxin 

antibody and after blocking, the wells are incubated with the samples. Frataxin in the sample 

(yellow) binds to the capture antibody in the well. Then a second Antibody (polyclonal rabbit 

anti frataxin) binds to Frataxin (purple) and will be detected by a sulfo tag goat anti rabbit 

detection antibody (orange). Following addition of a read buffer containing tripylamin (TPA) 

Counter  
electrode 

 

B 
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and in the presence of an applied voltage the Sulfo-Tag undergoes a rapid redox- reaction and 

emits light. The electrochemical reaction occurs within the plate and light is measured through 

a CCD camera. 

7.4 Measurement of FRDA patient lymphocytes  

The following antibodies were used for the measurement of frataxin in FRDA patient 

lymphocytes: 

 

first antibody (“capture antibody”) 

mouse anti-human frataxin monoclonal antibody (MAB2594), (Chemicon) 

 

second antibody 

frataxin (H-155) rabbit polyclonal antibody (Santa Cruz Biotechnology) 

 

third antibody (“detecting antibody”) 

goat polyclonal anti-rabbit labelled with MDS-SULFO-TAG™ (Meso Scale Discovery) 

 

The established method in our lab to measure frataxin in lymphocytes (Steinkellner et 

al. 2010) was improved in terms of efficiency, high throughput rates and protein 

quantification to handle clinical study samples. 

Each well of the Multi-Array High Bind plates (Meso Scale Discovery) were coated 

with 5µL of monoclonal mouse anti-frataxin antibody for 1h at room temperature in the 

dark. Right after, the wells were emptied and subsequently blocked with 125μL 

blocking solution (MSD Blocker A) for 90 min at room temperature and finally washed 

three times with PBS–Tween (0.05%). Afterwards, samples (25μL per well diluted in 

1% MSD Blocker A and 0.02% sodium dodecyl sulfate were added and the plates were 

incubated at room temperature for another 90 min. The polyclonal rabbit anti-frataxin 

antibody (5μg/mL in 1% MSD Blocker A) was added to each well for 1 h and after that 

0.75μg/mL of MSD Sulfo-TAG™ goat anti-rabbit detection antibody in 1% MSD 

Blocker A was added. After 1h incubation at room temperature on the belly dancer, free 

detection antibody was removed by washing. Finally, 150μL Tris-based Read Buffer T 

(1x) with surfactant (Meso Scale Discovery) containing tripropylamine as a co-reactant 
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for light generation was added to the plate. Upon applied voltage, ruthenium label 

bound to the carbon electrode emitted luminescence light at 620nm. ECL signals were 

captured by a sensitive cooled CCD camera in a Sector Imager 2400 reader (Meso Scale 

Discovery) and recorded as signal counts. 
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Figure 20: ECLIA measurement standard curve for frataxin  

A representative standardcurve of frataxin measured by ECLIA 

 

 

blank Frataxin content 

 

Figure 21: Signal of the frataxin standards detected by the MSD Sector Imager 2400 

Shown is a representative ECL signal of the frataxin standards measured by a CCD camera in 

the MSD Sector Imager 2400 in the image view.  

 

Since frataxin levels always have to be normalized to the protein content in the samples, 

it is of tremendous importance to quantify protein contents accurately and reproducible. 
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Therefore, we decided to combine frataxin-ECLIA and Infrared (IR)-based 

spectrometry protein quantification. 

7.5 Infrared (IR)-based spectrometry method for protein quantitation (Direct 

DetectTM, from Millipore)  

In general, this IR-based method measures amide bonds in protein chains. A possible 

advantage is that a single time standard curve is used which is performed with a 

certified BSA in PBS calibration standard from the National Institute of Standards & 

Technology. Furthermore, it is independent of amino acid composition, dye binding 

properties or redox potential and in addition, no chemical reactions are necessary. 

In contrast, conventional protein quantification methods like the Bradford protein assay 

(from Bio-Rad),the bicinchoninic acid (BCA),the Protein assay from Pierce have high 

day to day variations (necessity to generate each day a  new standard curve). In addition 

the absorbance maximum of the dye-protein complex varies from 595nm to 620nm 

depending on dye source (Sedmak and Grossberg 1977). 

 

 

 

 

 

 

 

 

 

 

Figure 22: Infrared protein detection  

The determination of the concentration of proteins as peptids measures the intensity (peak 

height) of the Amide I band, which is assigned to C=O stretching vibration of the peptide bond 

(about 80%) with a minor contribution from C-N stretching vibration (about 20%) 

(FTIR Technology, 2014). 
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7.6 Assessment of Iron Biomarkers in Plasma with multiplex Multiple Reaction 

Monitoring (MRM) proteomics 

We used multiplex Multiple Reaction Monitoring (MRM) proteomics to investigate a 

patient with PLA2G6 associated neurodegeneration (PLAN) being treated with 

Deferiprone. The investigation focused on the patient’s systemic state of iron trafficking 

proteins prior to and during Deferiprone treatment. Long-term goals include 

investigation of the systemic state in other diseases with neurodegeneration with brain 

iron accumulation (NBIA) in order to assess possible biomarkers of disease progression. 

Possible iron trafficking proteins were selected and further assessed via UniProt 

Knowledgebase (UniProtKB). This database represents a collection of functional 

information on proteins, like the amino acid sequence, protein name or description, 

taxonomic data and citation information. This further includes widely accepted 

biological ontologies, classifications and cross-references, and clear indications of the 

quality of annotation in the form of evidence attribution of experimental and 

computational data (UniProtKB,2014)Next, external and an internal data alignment of 

UniProtKB and tracker of the proteomic centre was performed and results are shown in 

the results section. 

7.6.1 Plasma sample collection for MRM analysis 

Whole blood from the PLAN patient and a control subject was collected in sodium 

heparin tubes every 3 months over the course of the Deferiprone treatment. Until plasma 

isolation, the blood was kept on ice. Within 30min of collection, the blood samples were 

centrifuged at 2900x g for 15min at 4°C to separate plasma, which was stored at −80 C 

until further analysis. 
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7.6.2 Sample preparation for multiplex MRM analysis 

For sample preparation the following reagents were used: 

 

� 25mM ammonium bicarbonate, AmBic (99mg + 50mL LC-MS water) 

� 10% sodium deoxycholate, NaDOC (200mg + 2.0mL of 25mM AmBic)  

� 0.05 TCEP (30µL of 0.5M TCEP + 270µL of 25mM AmBic)  

� 0.1M iodoacetamide (53.9mg + 2.915mL of 25 mM AmBic) always fresh and kept 

in the dark 

� 0.1M dithiothreitol, DTT in 25mM Am. Bicarb (30.8mg + 2mL of 25mM AmBic) 

always fresh 

  

The deep-frozen patient plasma specimen were defrosted 5 min at room temperature, 

vortexed, centrifuged briefly, and then kept on ice. The digestion was conducted as 

described by (Proc et al. 2010). Briefly, each plasma sample was diluted in 90µL of 

25mM of AmBic, vortexed, centrifuged and kept on ice. The digestion procedure was 

started by using 30µL of the aliquot of the 1/10 diluted plasma sample and denatured 

by adding it to a tube containing 175μL of 25mM AmBic, and then adding 30μL of the 

NaDOC solution. Reduction was performed by adding 26μL TCEP and incubation for 

30 min at 60°C. Alkylation was done by adding 29μL of the iodoacetamide solution, 

and incubating for 30 min at 37°C. Tryptic digestion was performed by adding 4.5μg of 

trypsin to each tube, to give a 1:50 trypsin: sample ratio, followed by incubation at 

37°C for 16h. Digestion was stopped after 16h by placing the plate on ice.  

Next day, a mixture of stable isotope standards (SIS peptide coded with [13C6]Lys, 

[13C6]Arg) were added to the samples post digestion at 50fmol per peptide per 1μg 

protein of sample digest.  

The NaDOC was then removed by precipitation through addition of formic acid to 0.5% 

and subsequent removal by centrifugation for 10 min at 13.200×g. Desalting and 

concentration of the supernantant by solid phase extraction was performed using a 

Waters Oasis 10-mg HLB. The colum was rinsed and pre-equilibrated with 1mL of 

methanol, followed by 1mL of water. The sample was applied, and eluted with 100μL 
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of 50% acetonitrile/0.1% formic acid. The eluted samples were frozen (-80°C) and 

lyophilized to dryness. Before multiplex MRM, samples were rehydrated in 0.1% (v/v) 

formic acid (mobile phase A) to produce a 1μg/μL protein concentration.  

In this study, 45 SIS peptides were used for 17 corresponding proteins known to be 

involved in iron metabolism. In our pilot study 5 target proteins were assessed: 

Lipocalin-2, Ceruloplasmin, Transferrin, Hemopexin and Haptoglobin; 

All samples were run on an Agilent 6490 with IonFunnel and analyzed as described 

previously (Domanski et al. 2012). 
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7.7 Statistics 

Statistical analysis were performed by using GraphPad Prism 5.0 and MS Excel 2010. 

MRM-Data analysis was performed by Mass-Hunter and calculated via MS Excel 2010.  

  



References  113 
 

    

8 References 

Abbruzzese G, Cossu G, Balocco M, et al. (2011) A pilot trial of deferiprone for 

neurodegeneration with brain iron accumulation. Haematologica 96:1708–1711. doi: 

10.3324/haematol.2011.043018 

Adinolfi S, Iannuzzi C, Prischi F, et al. (2009) Bacterial frataxin CyaY is the gatekeeper of iron-

sulfur cluster formation catalyzed by IscS. Nat Struct Mol Biol 16:390–396. doi: 

10.1038/nsmb.1579 

Anderson L (2005) Candidate-based proteomics in the search for biomarkers of cardiovascular 

disease. J Physiol 563:23–60. doi: 10.1113/jphysiol.2004.080473 

Andrews NC, Schmidt PJ (2007) Iron homeostasis. Annu Rev Physiol 69:69–85. doi: 

10.1146/annurev.physiol.69.031905.164337 

Apopa PL, Qian Y, Shao R, et al. (2009) Iron oxide nanoparticles induce human microvascular 

endothelial cell permeability through reactive oxygen species production and 

microtubule remodeling. Part Fibre Toxicol 6:1. doi: 10.1186/1743-8977-6-1 

Arcasoy MO (2008) The non-haematopoietic biological effects of erythropoietin. Br J Haematol 

141:14–31. doi: 10.1111/j.1365-2141.2008.07014.x 

Armstrong JS, Khdour O, Hecht SM (2010) Does oxidative stress contribute to the pathology of 

Friedreich’s ataxia? A radical question. FASEB J 24:2152–2163. doi: 10.1096/fj.09-

143222 

Arosio P, Ingrassia R, Cavadini P (2009) Ferritins: a family of molecules for iron storage, 

antioxidation and more. Biochim Biophys Acta 1790:589–599. doi: 

10.1016/j.bbagen.2008.09.004 

Ascenzi P, Bocedi A, Visca P, et al. (2005) Hemoglobin and heme scavenging. IUBMB Life 

57:749–759. doi: 10.1080/15216540500380871 

Attallah N, Osman-Malik Y, Frinak S, Besarab A (2006) Effect of intravenous ascorbic acid in 

hemodialysis patients with EPO-hyporesponsive anemia and hyperferritinemia. Am J 

Kidney Dis Off J Natl Kidney Found 47:644–654. doi: 10.1053/j.ajkd.2005.12.025 

Auerbach M (2010) New intravenous iron replacement therapies. Clin Adv Hematol Oncol HO 

8:688–689. 

Auerbach M, Ballard H (2010) Clinical use of intravenous iron: administration, efficacy, and 

safety. Hematol Educ Program Am Soc Hematol Am Soc Hematol Educ Program 

2010:338–347. doi: 10.1182/asheducation-2010.1.338 

Bailey S, Evans RW, Garratt RC, et al. (1988) Molecular structure of serum transferrin at 3.3-

.ANG. resolution. Biochemistry (Mosc) 27:5804–5812. doi: 10.1021/bi00415a061 

Balsinde J, Dennis EA (1997) Function and inhibition of intracellular calcium-independent 

phospholipase A2. J Biol Chem 272:16069–16072. 



114  References 
 

 

Baur JA, Pearson KJ, Price NL, et al. (2006) Resveratrol improves health and survival of mice on 

a high-calorie diet. Nature 444:337–342. doi: 10.1038/nature05354 

Bayot A, Santos R, Camadro J-M, Rustin P (2011) Friedreich’s ataxia: the vicious circle 

hypothesis revisited. BMC Med 9:112. doi: 10.1186/1741-7015-9-112 

Borregaard N, Cowland JB (2006) Neutrophil gelatinase-associated lipocalin, a siderophore-

binding eukaryotic protein. Biometals Int J Role Met Ions Biol Biochem Med 19:211–

215. doi: 10.1007/s10534-005-3251-7 

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 

72:248–254. 

Bradley JL, Blake JC, Chamberlain S, et al. (2000) Clinical, biochemical and molecular genetic 

correlations in Friedreich’s ataxia. Hum Mol Genet 9:275–282. 

Breuer W, Greenberg E, Cabantchik ZI (1997) Newly delivered transferrin iron and oxidative 

cell injury. FEBS Lett 403:213–219. doi: 10.1016/S0014-5793(97)00056-2 

Breuer W, Hershko C, Cabantchik Z. (2000) The importance of non-transferrin bound iron in 

disorders of iron metabolism. Transfus Sci 23:185–192. doi: 10.1016/S0955-

3886(00)00087-4 

Breuer W, Shvartsman M, Cabantchik ZI (2008) Intracellular labile iron. Int J Biochem Cell Biol 

40:350–354. doi: 10.1016/j.biocel.2007.03.010 

Campuzano V, Montermini L, Lutz Y, et al. (1997) Frataxin is reduced in Friedreich ataxia 

patients and is associated with mitochondrial membranes. Hum Mol Genet 6:1771–

1780. 

Campuzano V, Montermini L, Moltò MD, et al. (1996) Friedreich’s ataxia: autosomal recessive 

disease caused by an intronic GAA triplet repeat expansion. Science 271:1423–1427. 

Chertow GM, Mason PD, Vaage-Nilsen O, Ahlmén J (2006) Update on adverse drug events 

associated with parenteral iron. Nephrol Dial Transplant 21:378–382. doi: 

10.1093/ndt/gfi253 

Claypool SM, Koehler CM (2012) The complexity of cardiolipin in health and disease. Trends 

Biochem Sci 37:32–41. doi: 10.1016/j.tibs.2011.09.003 

Colin F, Martelli A, Clémancey M, et al. (2013) Mammalian frataxin controls sulfur production 

and iron entry during de novo Fe4S4 cluster assembly. J Am Chem Soc 135:733–740. 

doi: 10.1021/ja308736e 

Cossée M, Puccio H, Gansmuller A, et al. (2000) Inactivation of the Friedreich ataxia mouse 

gene leads to early embryonic lethality without iron accumulation. Hum Mol Genet 

9:1219–1226. 

Crichton RR, Danielson BG, Geisser P (2008) Iron therapy with special emphasis on intravenous 

administration. UNI-MED-Verl 



References  115 

 

 

Cui Y, Wu Q, Zhou Y (2009) Iron-refractory iron deficiency anemia: new molecular mechanisms. 

Kidney Int 76:1137–1141. doi: 10.1038/ki.2009.357 

Dallalio G, Law E, Means RT Jr (2006) Hepcidin inhibits in vitro erythroid colony formation at 

reduced erythropoietin concentrations. Blood 107:2702–2704. doi: 10.1182/blood-

2005-07-2854 

Danielson BG (2004) Structure, chemistry, and pharmacokinetics of intravenous iron agents. J 

Am Soc Nephrol JASN 15 Suppl 2:S93–98. doi: 10.1097/01.ASN.0000143814.49713.C5 

Danielson BG, Salmonson T, Derendorf H, Geisser P (1996) Pharmacokinetics of iron(III)-

hydroxide sucrose complex after a single intravenous dose in healthy volunteers. 

Arzneimittelforschung 46:615–621. 

Deutsch EC, Santani AB, Perlman SL, et al. (2010) A rapid, noninvasive immunoassay for 

frataxin: utility in assessment of Friedreich ataxia. Mol Genet Metab 101:238–245. doi: 

10.1016/j.ymgme.2010.07.001 

Devos D, Moreau C, Devedjian JC, et al. (2014) Targeting Chelatable Iron as a Therapeutic 

Modality in Parkinson’s Disease. Antioxid Redox Signal 140206084125005. doi: 

10.1089/ars.2013.5593 

Domanski D, Cohen Freue GV, Sojo L, et al. (2012) The use of multiplexed MRM for the 

discovery of biomarkers to differentiate iron-deficiency anemia from anemia of 

inflammation. J Proteomics 75:3514–3528. doi: 10.1016/j.jprot.2011.11.022 

Elford P, Bouchard J, Jaillet L, et al. (2013) Biodistribution and predictive hepatic gene 

expression of intravenous iron sucrose. J Pharmacol Toxicol Methods 68:374–383. doi: 

10.1016/j.vascn.2013.04.005 

Epplen C, Epplen JT, Frank G, et al. (1997) Differential stability of the (GAA) n tract in the 

Friedreich ataxia (STM7) gene. Hum Genet 99:834–836. doi: 10.1007/s004390050458 

Eschbach JW, Haley NR, Egrie JC, Adamson JW (1992) A comparison of the responses to 

recombinant human erythropoietin in normal and uremic subjects. Kidney Int 42:407–

416. doi: 10.1038/ki.1992.302 

Esposito BP, Breuer W, Sirankapracha P, et al. (2003) Labile plasma iron in iron overload: redox 

activity and susceptibility to chelation. Blood 102:2670–2677. doi: 10.1182/blood-

2003-03-0807 

Espósito BP, Breuer W, Slotki I, Cabantchik ZI (2002) Labile iron in parenteral iron formulations 

and its potential for generating plasma nontransferrin-bound iron in dialysis patients. 

Eur J Clin Invest 32:42–49. doi: 10.1046/j.1365-2362.2002.0320s1042.x 

Evans RW, Rafique R, Zarea A, et al. (2008) Nature of non-transferrin-bound iron: studies on 

iron citrate complexes and thalassemic sera. J Biol Inorg Chem JBIC Publ Soc Biol Inorg 

Chem 13:57–74. doi: 10.1007/s00775-007-0297-8 



116  References 
 

 

Evans-Galea MV, Carrodus N, Rowley SM, et al. (2012) FXN methylation predicts expression 

and clinical outcome in Friedreich ataxia. Ann Neurol 71:487–497. doi: 

10.1002/ana.22671 

Evstatiev R, Gasche C (2012) Iron sensing and signalling. Gut 61:933–952. doi: 

10.1136/gut.2010.214312 

Faich G, Strobos J (1999) Sodium ferric gluconate complex in sucrose: safer intravenous iron 

therapy than iron dextrans. Am J Kidney Dis Off J Natl Kidney Found 33:464–470. 

Fishbane S (2003) Safety in iron management. Am J Kidney Dis Off J Natl Kidney Found 41:18–

26. 

Forni GL, Balocco M, Cremonesi L, et al. (2008) Regression of symptoms after selective iron 

chelation therapy in a case of neurodegeneration with brain iron accumulation. Mov 

Disord Off J Mov Disord Soc 23:904–907. doi: 10.1002/mds.22002 

Ganz T, Olbina G, Girelli D, et al. (2008) Immunoassay for human serum hepcidin. Blood 

112:4292–4297. doi: 10.1182/blood-2008-02-139915 

Geisser P, Baer M, Schaub E (1992) Structure/histotoxicity relationship of parenteral iron 

preparations. Arzneimittelforschung 42:1439–1452. 

Gerber J, Mühlenhoff U, Lill R (2003) An interaction between frataxin and Isu1/Nfs1 that is 

crucial for Fe/S cluster synthesis on Isu1. EMBO Rep 4:906–911. doi: 

10.1038/sj.embor.embor918 

Ghoti H, Rachmilewitz EA, Simon-Lopez R, et al. (2012) Evidence for tissue iron overload in 

long-term hemodialysis patients and the impact of withdrawing parenteral iron. Eur J 

Haematol 89:87–93. doi: 10.1111/j.1600-0609.2012.01783.x 

Gilbertson DT, Peng Y, Arneson TJ, et al. (2013) Comparison of methodologies to define 

hemodialysis patients hyporesponsive to epoetin and impact on counts and 

characteristics. BMC Nephrol 14:44. doi: 10.1186/1471-2369-14-44 

Goldenstein H, Levy NS, Levy AP (2012) Haptoglobin Genotype and Its Role in Determining 

Heme-Iron Mediated Vascular Disease. Pharmacol Res 66:1–6. doi: 

10.1016/j.phrs.2012.02.011 

González-Cabo P, Vázquez-Manrique RP, García-Gimeno MA, et al. (2005) Frataxin interacts 

functionally with mitochondrial electron transport chain proteins. Hum Mol Genet 

14:2091–2098. doi: 10.1093/hmg/ddi214 

Gregory A, Polster BJ, Hayflick SJ (2009) Clinical and genetic delineation of neurodegeneration 

with brain iron accumulation. J Med Genet 46:73–80. doi: 10.1136/jmg.2008.061929 

Gutteridge JM, Smith A (1988) Antioxidant protection by haemopexin of haem-stimulated lipid 

peroxidation. Biochem J 256:861–865. 



References  117 

 

 

Hadziahmetovic M, Song Y, Wolkow N, et al. (2011) The oral iron chelator deferiprone protects 

against iron overload-induced retinal degeneration. Invest Ophthalmol Vis Sci 52:959–

968. doi: 10.1167/iovs.10-6207 

Halliwell B, Gutteridge JM (1984) Oxygen toxicity, oxygen radicals, transition metals and 

disease. Biochem J 219:1–14. 

Harris ZL, Takahashi Y, Miyajima H, et al. (1995) Aceruloplasminemia: molecular 

characterization of this disorder of iron metabolism. Proc Natl Acad Sci U S A 92:2539–

2543. 

Harrison PM, Arosio P (1996) The ferritins: molecular properties, iron storage function and 

cellular regulation. Biochim Biophys Acta 1275:161–203. 

Hayflick SJ, Hogarth P (2011) As iron goes, so goes disease? Haematologica 96:1571–1572. doi: 

10.3324/haematol.2011.055335 

He Y, Alam SL, Proteasa SV, et al. (2004) Yeast frataxin solution structure, iron binding, and 

ferrochelatase interaction. Biochemistry (Mosc) 43:16254–16262. doi: 

10.1021/bi0488193 

Healy J, Tipton K (2007) Ceruloplasmin and what it might do. J Neural Transm 114:777–781. 

doi: 10.1007/s00702-007-0687-7 

Hentze MW, Muckenthaler MU, Andrews NC (2004) Balancing acts: molecular control of 

mammalian iron metabolism. Cell 117:285–297. 

Hershko C (1975) The Fate of Circulating Haemoglobin. Br J Haematol 29:199–204. doi: 

10.1111/j.1365-2141.1975.tb01814.x 

Hershko C, Graham G, Bates GW, Rachmilewitz EA (1978) Non-specific serum iron in 

thalassaemia: an abnormal serum iron fraction of potential toxicity. Br J Haematol 

40:255–263. 

Jahn MR, Andreasen HB, Fütterer S, et al. (2011) A comparative study of the physicochemical 

properties of iron isomaltoside 1000 (Monofer), a new intravenous iron preparation 

and its clinical implications. Eur J Pharm Biopharm Off J Arbeitsgemeinschaft Für 

Pharm Verfahrenstechnik EV 78:480–491. doi: 10.1016/j.ejpb.2011.03.016 

Jalalzadeh M, Shekari E, Mirzamohammadi F, Ghadiani MH (2012) Effect of short-term 

intravenous ascorbic acid on reducing ferritin in hemodialysis patients. Indian J 

Nephrol 22:168–173. doi: 10.4103/0971-4065.86407 

Jing Z, Wei-jie Y, Nan Z, et al. (2012) Hemoglobin Targets for Chronic Kidney Disease Patients 

with Anemia: A Systematic Review and Meta-analysis. PLoS ONE 7:e43655. doi: 

10.1371/journal.pone.0043655 

Juan S-H, Cheng T-H, Lin H-C, et al. (2005) Mechanism of concentration-dependent induction 

of heme oxygenase-1 by resveratrol in human aortic smooth muscle cells. Biochem 

Pharmacol 69:41–48. doi: 10.1016/j.bcp.2004.09.015 



118  References 
 

 

Kakhlon O, Cabantchik ZI (2002a) The labile iron pool: characterization, measurement, and 

participation in cellular processes(1). Free Radic Biol Med 33:1037–1046. 

Kakhlon O, Cabantchik ZI (2002b) The labile iron pool: characterization, measurement, and 

participation in cellular processes(1). Free Radic Biol Med 33:1037–1046. 

Koeppen AH, Kuntzsch EC, Bjork ST, et al. (2013) Friedreich ataxia: metal dysmetabolism in 

dorsal root ganglia. Acta Neuropathol Commun 1:26. doi: 10.1186/2051-5960-1-26 

Kohnen S, Franck T, Van Antwerpen P, et al. (2007) Resveratrol Inhibits the Activity of Equine 

Neutrophil Myeloperoxidase by a Direct Interaction with the Enzyme. J Agric Food 

Chem 55:8080–8087. doi: 10.1021/jf071741n 

Konijn AM, Glickstein H, Vaisman B, et al. (1999) The cellular labile iron pool and intracellular 

ferritin in K562 cells. Blood 94:2128–2134. 

Kovesdy CP, Kalantar-Zadeh K (2009) Iron therapy in chronic kidney disease: current 

controversies. J Ren Care 35 Suppl 2:14–24. doi: 10.1111/j.1755-6686.2009.00125.x 

Kruszewski M (2003) Labile iron pool: the main determinant of cellular response to oxidative 

stress. Mutat Res Mol Mech Mutagen 531:81–92. doi: 

10.1016/j.mrfmmm.2003.08.004 

Lane DJR, Richardson DR (2010) Frataxin, a molecule of mystery: trading stability for function 

in its iron-binding site. Biochem J 426:e1–e3. doi: 10.1042/BJ20091959 

Lane DJR, Robinson SR, Czerwinska H, et al. (2010) Two routes of iron accumulation in 

astrocytes: ascorbate-dependent ferrous iron uptake via the divalent metal 

transporter (DMT1) plus an independent route for ferric iron. Biochem J 432:123–132. 

doi: 10.1042/BJ20101317 

Lawen A, Lane DJR (2013) Mammalian iron homeostasis in health and disease: uptake, storage, 

transport, and molecular mechanisms of action. Antioxid Redox Signal 18:2473–2507. 

doi: 10.1089/ars.2011.4271 

Layer G, Choudens SO, Sanakis Y, Fontecave M (2006) Iron-Sulfur Cluster Biosynthesis 

CHARACTERIZATION OF ESCHERICHIA COLI CYaY AS AN IRON DONOR FOR THE 

ASSEMBLY OF [2Fe-2S] CLUSTERS IN THE SCAFFOLD IscU. J Biol Chem 281:16256–

16263. doi: 10.1074/jbc.M513569200 

Leidgens S, Smet SD, Foury F (2010) Frataxin interacts with Isu1 through a conserved 

tryptophan in its β-sheet. Hum Mol Genet 19:276–286. doi: 10.1093/hmg/ddp495 

Leskovjan AC, Kretlow A, Lanzirotti A, et al. (2011) Increased brain iron coincides with early 

plaque formation in a mouse model of Alzheimer’s disease. NeuroImage 55:32–38. 

doi: 10.1016/j.neuroimage.2010.11.073 

Lesuisse E, Santos R, Matzanke BF, et al. (2003) Iron use for haeme synthesis is under control 

of the yeast frataxin homologue (Yfh1). Hum Mol Genet 12:879–889. 



References  119 

 

 

Levi S, Finazzi D (2014) Neurodegeneration with brain iron accumulation: update on 

pathogenic mechanisms. Front Pharmacol 5:99. doi: 10.3389/fphar.2014.00099 

Levy AP, Asleh R, Blum S, et al. (2010) Haptoglobin: basic and clinical aspects. Antioxid Redox 

Signal 12:293–304. doi: 10.1089/ars.2009.2793 

Li H, Gakh O, Smith DY, Isaya G (2009) Oligomeric Yeast Frataxin Drives Assembly of Core 

Machinery for Mitochondrial Iron-Sulfur Cluster Synthesis. J Biol Chem 284:21971–

21980. doi: 10.1074/jbc.M109.011197 

Li L, Voullaire L, Sandi C, et al. (2013) Pharmacological screening using an FXN-EGFP cellular 

genomic reporter assay for the therapy of Friedreich ataxia. PloS One 8:e55940. doi: 

10.1371/journal.pone.0055940 

Li Y, Cao Z, Zhu H (2006) Upregulation of endogenous antioxidants and phase 2 enzymes by the 

red wine polyphenol, resveratrol in cultured aortic smooth muscle cells leads to 

cytoprotection against oxidative and electrophilic stress. Pharmacol Res Off J Ital 

Pharmacol Soc 53:6–15. doi: 10.1016/j.phrs.2005.08.002 

Liu B, Moloney A, Meehan S, et al. (2011) Iron promotes the toxicity of amyloid beta peptide 

by impeding its ordered aggregation. J Biol Chem 286:4248–4256. doi: 

10.1074/jbc.M110.158980 

Locatelli F, Aljama P, Bárány P, et al. (2004) Revised European best practice guidelines for the 

management of anaemia in patients with chronic renal failure. Nephrol Dial Transplant 

Off Publ Eur Dial Transpl Assoc - Eur Ren Assoc 19 Suppl 2:ii1–47. 

Mactier R, Davies S, Dudley C, et al. (2011) Summary of the 5th Edition of the Renal Association 

Clinical Practice Guidelines (2009–2012). Nephron Clin Pract 118:c27–c70. doi: 

10.1159/000328060 

Malyszko J, Mysliwiec M (2007) Hepcidin in anemia and inflammation in chronic kidney 

disease. Kidney Blood Press Res 30:15–30. doi: 10.1159/000098522 

Martelli A, Napierala M, Puccio H (2012) Understanding the genetic and molecular 

pathogenesis of Friedreich’s ataxia through animal and cellular models. Dis Model 

Mech 5:165–176. doi: 10.1242/dmm.008706 

McCord JM (1998) Iron, free radicals, and oxidative injury. Semin Hematol 35:5–12. 

McLean E, Cogswell M, Egli I, et al. (2009) Worldwide prevalence of anaemia, WHO Vitamin 

and Mineral Nutrition Information System, 1993-2005. Public Health Nutr 12:444–454. 

doi: 10.1017/S1368980008002401 

McNeill A, Chinnery PF (2011) Neurodegeneration with brain iron accumulation. Handb Clin 

Neurol 100:161–172. doi: 10.1016/B978-0-444-52014-2.00009-4 

Mesquita SD, Ferreira AC, Falcao AM, et al. (2014) Lipocalin 2 modulates the cellular response 

to amyloid beta. Cell Death Differ. doi: 10.1038/cdd.2014.68 



120  References 
 

 

Michael B, Coyne DW, Fishbane S, et al. (2002) Sodium ferric gluconate complex in 

hemodialysis patients: Adverse reactions compared to placebo and iron dextran. 

Kidney Int 61:1830–1839. doi: 10.1046/j.1523-1755.2002.00314.x 

Miller RL, James-Kracke M, Sun GY, Sun AY (2009) Oxidative and inflammatory pathways in 

Parkinson’s disease. Neurochem Res 34:55–65. doi: 10.1007/s11064-008-9656-2 

Morello N, Tonoli E, Logrand F, et al. (2009) Haemopexin affects iron distribution and ferritin 

expression in mouse brain. J Cell Mol Med 13:4192–4204. doi: 10.1111/j.1582-

4934.2008.00611.x 

Morgan NV, Westaway SK, Morton JEV, et al. (2006) PLA2G6, encoding a phospholipase A2, is 

mutated in neurodegenerative disorders with high brain iron. Nat Genet 38:752–754. 

doi: 10.1038/ng1826 

Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival: application to 

proliferation and cytotoxicity assays. J Immunol Methods 65:55–63. 

Mounsey RB, Teismann P (2012) Chelators in the treatment of iron accumulation in Parkinson’s 

disease. Int J Cell Biol 2012:983245. doi: 10.1155/2012/983245 

Nachbauer W, Wanschitz J, Steinkellner H, et al. (2011) Correlation of frataxin content in blood 

and skeletal muscle endorses frataxin as a biomarker in Friedreich ataxia. Mov Disord 

Off J Mov Disord Soc 26:1935–1938. doi: 10.1002/mds.23789 

Naudé PJW, Nyakas C, Eiden LE, et al. (2012) Lipocalin 2: Novel component of proinflammatory 

signaling in Alzheimer’s disease. FASEB J 26:2811–2823. doi: 10.1096/fj.11-202457 

Nemeth E, Tuttle MS, Powelson J, et al. (2004) Hepcidin regulates cellular iron efflux by binding 

to ferroportin and inducing its internalization. Science 306:2090–2093. doi: 

10.1126/science.1104742 

Nicolas G, Bennoun M, Devaux I, et al. (2001) Lack of hepcidin gene expression and severe 

tissue iron overload in upstream stimulatory factor 2 (USF2) knockout mice. Proc Natl 

Acad Sci U S A 98:8780–8785. doi: 10.1073/pnas.151179498 

Nicolas G, Bennoun M, Porteu A, et al. (2002) Severe iron deficiency anemia in transgenic mice 

expressing liver hepcidin. Proc Natl Acad Sci U S A 99:4596–4601. doi: 

10.1073/pnas.072632499 

Ohgami RS, Campagna DR, Greer EL, et al. (2005) Identification of a ferrireductase required for 

efficient transferrin-dependent iron uptake in erythroid cells. Nat Genet 37:1264–

1269. doi: 10.1038/ng1658 

Pandolfo M (2012a) Friedreich ataxia. Handb Clin Neurol 103:275–294. doi: 10.1016/B978-0-

444-51892-7.00017-6 

Pandolfo M (2012b) Friedreich ataxia: new pathways. J Child Neurol 27:1204–1211. doi: 

10.1177/0883073812448534 



References  121 

 

 

Patel BN, Dunn RJ, Jeong SY, et al. (2002) Ceruloplasmin regulates iron levels in the CNS and 

prevents free radical injury. J Neurosci Off J Soc Neurosci 22:6578–6586. doi: 

20026652 

Percy AJ, Chambers AG, Yang J, et al. (2013) Advances in multiplexed MRM-based protein 

biomarker quantitation toward clinical utility. Biochim Biophys Acta. doi: 

10.1016/j.bbapap.2013.06.008 

Pianese L, Turano M, Lo Casale MS, et al. (2004) Real time PCR quantification of frataxin mRNA 

in the peripheral blood leucocytes of Friedreich ataxia patients and carriers. J Neurol 

Neurosurg Psychiatry 75:1061–1063. 

Pierre JL, Fontecave M, Crichton RR (2002) Chemistry for an essential biological process: the 

reduction of ferric iron. Biometals 15:341–346. doi: 10.1023/A:1020259021641 

Pietrangelo A (2007) Hemochromatosis: an endocrine liver disease. Hepatol Baltim Md 

46:1291–1301. doi: 10.1002/hep.21886 

Pigeon C, Ilyin G, Courselaud B, et al. (2001) A new mouse liver-specific gene, encoding a 

protein homologous to human antimicrobial peptide hepcidin, is overexpressed during 

iron overload. J Biol Chem 276:7811–7819. doi: 10.1074/jbc.M008923200 

Pirola L, Fröjdö S (2008) Resveratrol: One molecule, many targets. IUBMB Life 60:323–332. doi: 

10.1002/iub.47 

Polanski M, Anderson NL (2007) A list of candidate cancer biomarkers for targeted proteomics. 

Biomark Insights 1:1–48. 

Ponka P (1999) Cellular iron metabolism. Kidney Int 55:S2–S11. doi: 10.1046/j.1523-

1755.1999.055Suppl.69002.x 

Proc JL, Kuzyk MA, Hardie DB, et al. (2010) A quantitative study of the effects of chaotropic 

agents, surfactants, and solvents on the digestion efficiency of human plasma proteins 

by trypsin. J Proteome Res 9:5422–5437. doi: 10.1021/pr100656u 

Puccio H, Kœnig M (2000) Recent advances in the molecular pathogenesis of Friedreich ataxia. 

Hum Mol Genet 9:887–892. doi: 10.1093/hmg/9.6.887 

Raulfs EC, O’Carroll IP, Dos Santos PC, et al. (2008) In vivo iron-sulfur cluster formation. Proc 

Natl Acad Sci U S A 105:8591–8596. doi: 10.1073/pnas.0803173105 

Richardson DR, Lane DJR, Becker EM, et al. (2010) Mitochondrial iron trafficking and the 

integration of iron metabolism between the mitochondrion and cytosol. Proc Natl 

Acad Sci 107:10775–10782. doi: 10.1073/pnas.0912925107 

Richardson DR, Ponka P (1997) The molecular mechanisms of the metabolism and transport of 

iron in normal and neoplastic cells. Biochim Biophys Acta 1331:1–40. 

Rocha KKR, Souza GA, Ebaid GX, et al. (2009) Resveratrol toxicity: Effects on risk factors for 

atherosclerosis and hepatic oxidative stress in standard and high-fat diets. Food Chem 

Toxicol 47:1362–1367. doi: 10.1016/j.fct.2009.03.010 



122  References 
 

 

Rostoker G, Griuncelli M, Loridon C, et al. (2012) Hemodialysis-associated Hemosiderosis in the 

Era of Erythropoiesis-stimulating Agents: A MRI Study. Am J Med 125:991–999.e1. doi: 

10.1016/j.amjmed.2012.01.015 

Rottembourg J, Kadri A, Leonard E, et al. (2011) Do two intravenous iron sucrose preparations 

have the same efficacy? Nephrol Dial Transplant 26:3262–3267. doi: 

10.1093/ndt/gfr024 

Rouault TA (2013) Iron metabolism in the CNS: implications for neurodegenerative diseases. 

Nat Rev Neurosci 14:551–564. doi: 10.1038/nrn3453 

Santos M, de Sousa M, Marx JJ (2000) Regulation of intracellular iron levels in iron-acceptor 

and iron-donor cells. Transfus Sci 23:225–235. 

Santos R, Lefevre S, Sliwa D, et al. (2010) Friedreich Ataxia: Molecular Mechanisms, Redox 

Considerations, and Therapeutic Opportunities. Antioxid Redox Signal 13:651–690. doi: 

10.1089/ars.2009.3015 

Schaller G, Scheiber-Mojdehkar B, Wolzt M, et al. (2005) Intravenous iron increases labile 

serum iron but does not impair forearm blood flow reactivity in dialysis patients. 

Kidney Int 68:2814–2822. doi: 10.1111/j.1523-1755.2005.00754.x 

Scheiber-Mojdehkar B, Sturm B, Plank L, et al. (2003) Influence of parenteral iron preparations 

on non-transferrin bound iron uptake, the iron regulatory protein and the expression 

of ferritin and the divalent metal transporter DMT-1 in HepG2 human hepatoma cells. 

Biochem Pharmacol 65:1973–1978. doi: 10.1016/S0006-2952(03)00181-3 

Schellekens H, Stegemann S, Weinstein V, et al. (2014) How to Regulate Nonbiological Complex 

Drugs (NBCD) and Their Follow-on Versions: Points to Consider. AAPS J 16:15–21. doi: 

10.1208/s12248-013-9533-z 

Schiestl M, Stangler T, Torella C, et al. (2011) Acceptable changes in quality attributes of 

glycosylated biopharmaceuticals. Nat Biotechnol 29:310–312. doi: 10.1038/nbt.1839 

Schmucker S, Martelli A, Colin F, et al. (2011) Mammalian Frataxin: An Essential Function for 

Cellular Viability through an Interaction with a Preformed ISCU/NFS1/ISD11 Iron-Sulfur 

Assembly Complex. PLoS ONE. doi: 10.1371/journal.pone.0016199 

Schmucker S, Puccio H (2010) Understanding the molecular mechanisms of Friedreich’s ataxia 

to develop therapeutic approaches. Hum Mol Genet 19:R103–R110. doi: 

10.1093/hmg/ddq165 

Sedmak JJ, Grossberg SE (1977) A rapid, sensitive, and versatile assay for protein using 

Coomassie brilliant blue G250. Anal Biochem 79:544–552. 

Sezer S, Ozdemir FN, Yakupoglu U, et al. (2002) Intravenous ascorbic acid administration for 

erythropoietin-hyporesponsive anemia in iron loaded hemodialysis patients. Artif 

Organs 26:366–370. 



References  123 

 

 

Shan Y, Napoli E, Cortopassi G (2007) Mitochondrial frataxin interacts with ISD11 of the 

NFS1/ISCU complex and multiple mitochondrial chaperones. Hum Mol Genet 16:929–

941. doi: 10.1093/hmg/ddm038 

Shan Y, Schoenfeld RA, Hayashi G, et al. (2013) Frataxin Deficiency Leads to Defects in 

Expression of Antioxidants and Nrf2 Expression in Dorsal Root Ganglia of the 

Friedreich’s Ataxia YG8R Mouse Model. Antioxid Redox Signal 19:1481–1493. doi: 

10.1089/ars.2012.4537 

Steinkellner H, Scheiber-Mojdehkar B, Goldenberg H, Sturm B (2010) A high throughput 

electrochemiluminescence assay for the quantification of frataxin protein levels. Anal 

Chim Acta 659:129–132. doi: 10.1016/j.aca.2009.11.036 

Stemmler TL, Lesuisse E, Pain D, Dancis A (2010) Frataxin and mitochondrial FeS cluster 

biogenesis. J Biol Chem 285:26737–26743. doi: 10.1074/jbc.R110.118679 

Sturm B, Goldenberg H, Scheiber-Mojdehkar B (2003) Transient increase of the labile iron pool 

in HepG2 cells by intravenous iron preparations. Eur J Biochem 270:3731–3738. doi: 

10.1046/j.1432-1033.2003.03759.x 

Sturm B, Laggner H, Ternes N, et al. (2005) Intravenous iron preparations and ascorbic acid: 

effects on chelatable and bioavailable iron. Kidney Int 67:1161–1170. doi: 

10.1111/j.1523-1755.2005.00183.x 

Sturm B, Steinkellner H, Ternes N, et al. (2010) In vitro study on the effects of iron sucrose, 

ferric gluconate and iron dextran on redox-active iron and oxidative stress. 

Arzneimittelforschung 60:459–465. doi: 10.1055/s-0031-1296312 

Tarng D-C (2007) Novel aspects of vitamin C in epoetin response. J Chin Med Assoc JCMA 

70:357–360. doi: 10.1016/S1726-4901(08)70020-0 

Ternes N, Scheiber-Mojdehkar B, Landgraf G, et al. (2007) Iron availability and complex 

stability of iron hydroxyethyl starch and iron dextran a comparative in vitro study with 

liver cells and macrophages. Nephrol Dial Transplant Off Publ Eur Dial Transpl Assoc - 

Eur Ren Assoc 22:2824–2830. doi: 10.1093/ndt/gfm315 

Toblli JE, Cao G, Oliveri L (2009) Differences between original intravenous iron sucrose and iron 

sucrose similar preparations. Arzneimittelforschung 59:176–190. doi: 10.1055/s-0031-

1296383 

Toblli JE, Cao G, Oliveri L, Angerosa M (2012a) Comparison of Oxidative Stress and 

Inflammation Induced by Different Intravenous Iron Sucrose Similar Preparations in a 

Rat Model. Inflamm Allergy Drug Targets 11:66–78. doi: 

10.2174/187152812798889358 

Toblli JE, Cao G, Oliveri L, Angerosa M (2012b) Comparison of oxidative stress and 

inflammation induced by different intravenous iron sucrose similar preparations in a 

rat model. Inflamm Allergy Drug Targets 11:66–78. 

Toblli JE, Cao G, Olivieri L, Angerosa M (2010) Comparison of the renal, cardiovascular and 

hepatic toxicity data of original intravenous iron compounds. Nephrol Dial Transplant 



124  References 
 

 

Off Publ Eur Dial Transpl Assoc - Eur Ren Assoc 25:3631–3640. doi: 

10.1093/ndt/gfq260 

Tolosano E, Altruda F (2002) Hemopexin: structure, function, and regulation. DNA Cell Biol 

21:297–306. doi: 10.1089/104454902753759717 

Tomosugi N, Kawabata H, Wakatabe R, et al. (2006) Detection of serum hepcidin in renal 

failure and inflammation by using ProteinChip System. Blood 108:1381–1387. doi: 

10.1182/blood-2005-10-4043 

Tsai C-L, Barondeau DP (2010) Human Frataxin Is an Allosteric Switch That Activates the Fe−S 

Cluster Biosynthetic Complex. Biochemistry (Mosc) 49:9132–9139. doi: 

10.1021/bi1013062 

Tsuchiya S, Kobayashi Y, Goto Y, et al. (1982) Induction of maturation in cultured human 

monocytic leukemia cells by a phorbol diester. Cancer Res 42:1530–1536. 

Van Wyck DB (2004) Labile iron: manifestations and clinical implications. J Am Soc Nephrol 

JASN 15 Suppl 2:S107–111. doi: 10.1097/01.ASN.0000143816.04446.4C 

Vinchi F, Gastaldi S, Silengo L, et al. (2008) Hemopexin prevents endothelial damage and liver 

congestion in a mouse model of heme overload. Am J Pathol 173:289–299. doi: 

10.2353/ajpath.2008.071130 

Wang L, Xi G, Keep RF, Hua Y (2012) Iron enhances the neurotoxicity of amyloid β. Transl 

Stroke Res 3:107–113. doi: 10.1007/s12975-011-0099-8 

Wang S, Geraci G, Kuhlmann MK, et al. (2008) Chemical reactions of vitamin C with 

intravenous-iron formulations. Nephrol Dial Transplant Off Publ Eur Dial Transpl Assoc 

- Eur Ren Assoc 23:120–125. doi: 10.1093/ndt/gfm557 

Wang T, Craig EA (2008) Binding of Yeast Frataxin to the Scaffold for Fe-S Cluster Biogenesis, 

Isu. J Biol Chem 283:12674–12679. doi: 10.1074/jbc.M800399200 

Weinstein DA, Roy CN, Fleming MD, et al. (2002) Inappropriate expression of hepcidin is 

associated with iron refractory anemia: implications for the anemia of chronic disease. 

Blood 100:3776–3781. doi: 10.1182/blood-2002-04-1260 

Winstead MV, Balsinde J, Dennis EA (2000) Calcium-independent phospholipase A(2): structure 

and function. Biochim Biophys Acta 1488:28–39. 

Wolkow N, Song D, Song Y, et al. (2012) Ferroxidase hephaestin’s cell-autonomous role in the 

retinal pigment epithelium. Am J Pathol 180:1614–1624. doi: 

10.1016/j.ajpath.2011.12.041 

Xu X, Pin S, Gathinji M, et al. (2004) Aceruloplasminemia: An Inherited Neurodegenerative 

Disease with Impairment of Iron Homeostasis. Ann N Y Acad Sci 1012:299–305. doi: 

10.1196/annals.1306.024 

Yoon T, Cowan JA (2004) Frataxin-mediated iron delivery to ferrochelatase in the final step of 

heme biosynthesis. J Biol Chem 279:25943–25946. doi: 10.1074/jbc.C400107200 



References  125 

 

 

Yoon T, Cowan JA (2003) Iron−Sulfur Cluster Biosynthesis. Characterizacon of Frataxin as an 

Iron Donor for Assembly of [2Fe-2S] Clusters in ISU-Type Proteins. J Am Chem Soc 

125:6078–6084. doi: 10.1021/ja027967i 

Yoshida K, Furihata K, Takeda S, et al. (1995) A mutation in the ceruloplasmin gene is 

associated with systemic hemosiderosis in humans. Nat Genet 9:267–272. doi: 

10.1038/ng0395-267 

Young SP, Bomford A, Williams R (1984) The effect of the iron saturation of transferrin on its 

binding and uptake by rabbit reticulocytes. Biochem J 219:505–510. 

Young SP, Roberts S, Bomford A (1985) Intracellular processing of transferrin and iron by 

isolated rat hepatocytes. Biochem J 232:819–823. 

Zachman DK, Chicco AJ, McCune SA, et al. (2010) The role of calcium-independent 

phospholipase A2 in cardiolipin remodeling in the spontaneously hypertensive heart 

failure rat heart. J Lipid Res 51:525–534. doi: 10.1194/jlr.M000646 

Zager RA, Johnson ACM, Hanson SY, Wasse H (2002) Parenteral iron formulations: a 

comparative toxicologic analysis and mechanisms of cell injury. Am J Kidney Dis Off J 

Natl Kidney Found 40:90–103. doi: 10.1053/ajkd.2002.33917 

Zhang A-S, Enns CA (2009) Iron Homeostasis: Recently Identified Proteins Provide Insight into 

Novel  Control Mechanisms. J Biol Chem 284:711–715. doi: 10.1074/jbc.R800017200 

Zorzi G, Zibordi F, Chiapparini L, et al. (2011) Iron-related MRI images in patients with 

pantothenate kinase-associated neurodegeneration (PKAN) treated with deferiprone: 

results of a phase II pilot trial. Mov Disord Off J Mov Disord Soc 26:1756–1759. doi: 

10.1002/mds.23751 

(2006) KDOQI Clinical Practice Guidelines and Clinical Practice Recommendations for Anemia in 

Chronic Kidney Disease. Am J Kidney Dis Off J Natl Kidney Found 47:S11–145. doi: 

10.1053/j.ajkd.2006.03.010 

FTIR Technology | Life Science Research | Merck Millipore. 

http://www.emdmillipore.com/AT/en/life-science-research/protein-detection-

quantification/direct-detect-spectrometer/ftir-

technology/Bi2b.qB.wJMAAAFB21kRRkw8,nav. Accessed 9 Jul 2014 

UniProtKB. http://www.uniprot.org/help/uniprotkb. Accessed 12 Mar 2014 

 

 

 

 



126  References 
 

 

„Ich habe mich bemüht, sämtliche Inhaber der Bildrechte ausfindig zu machen und ihre 

Zustimmung zur Verwendung der Bilder in dieser Arbeit eingeholt. Sollte dennoch eine 

Urheberrechtsverletzung bekannt werden, ersuche ich um Meldung bei mir.“ 

„I have tried to identify the entire owner of the image rights and to obtain their consent to 

the usage of the images in this work. If despite of this you become aware of any copyright 

infringement, I kindly ask you for a corresponding notice.” 

 

 



Curriculum Vitae  127 
 

    

9 Curriculum Vitae 

Mag. Monika Praschberger  

 

Educational Profile  

 

Ph.D. in Nutritional Sciences (Submitted Thesis); Advisor: Prof. Barbara Scheiber-
Mojdehkar  

Conducted at Medical University of Vienna, Department of Medical Chemistry, Austria 
PhD Thesis: 
”Biochemical aspects to improve treatment of anemia in endstage renal disease and advanced 
biomarker assessment in iron related disorders” 

 

Degree: Magister in Nutritional Sciences (2004-2011); 

Nutritional Sciences, University of Vienna, Austria  

Diploma thesis: ”Influence of H2S on stabilization of HIF-1α protein in THP-1 macrophages” 

Teaching Experience 

 

Medical University of Vienna 

� Teaching assistant, "Biochemistry of the cell" for medical students, 2011-current. 

� Teaching assistant, “Digestion and Nutrition” for medical students, 2011- current. 

Awards 

 
� “Rafael Estrada in Memoriam 2013 Award” at Neurocuba 2013. 

Peer-Reviewed Publications 

 
1. Praschberger M., Hermann M., Wanner J., Jirovetz L., Exner M., Kapiotis S., Gmeiner 

BM., Laggner H. 
The uremic toxin indoxyl sulfate acts as a pro- or antioxidant on LDL oxidation 
Free Radic Res. 2014 Jun;48(6):641-8.  
2014 Mar 25. 

2. Praschberger M., Cornelius C., Schitegg M., Goldenberg H., Scheiber-Mojdehkar B.and 
Sturm B. 
Bioavailability and -stability of intravenous iron sucrose originator versus generic iron 
sucrose AZAD. 
Pharm Dev Technol. 2013 Nov 13. [Epub ahead of print] 
 

3. Praschberger M., Hermann M., Laggner C., Jirovetz L., Exner M., Kapiotis S., Gmeiner 
BM., Laggner H. 
Carbamoylation abrogates the antioxidant potential of hydrogen sulfide  
Biochimie. 2013 Nov;95(11):2069-75.  

 




